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EXECUTIVE SUMMARY 

The reactions of metallic species introduced into the atmosphere by 
meteor ablation may play a significant role in the chemistry of the lower 
thermosphere and upper stratosphere. The work described in this report 
summarizes a series of experimental rate constant measurements for reactions 
pertinent to these atmospheric regions. 

Prior to this work, virtually no direct kinetic parameters bad been 
measured for the reactions of alkalis, and in particular sodium, which are 
believed to occur between 30 and 100 km in altitude. Model predictions of 
excited sodium emissions, expected concentration levels of the various alkali 
species, and the potential Impact of alkali chemistry on the ozone balance all 
depended on theoretical estimates of reaction rate constants and product 
branching ratios. 

Using a high temperature fast flow reactor and a variety of atomic and 
molecular species source and detection techniques, wt have measured rate 
constants for over a dozen reactions. The results of these measurements lead 
to the following conclusions: 

a) Below 85 km, the prime reaction for removal of atomic sodium is the 
termolecular reaction with O2 to form Na02, not the reaction with ozone 
as had been previously believed. 

b) The major alkali species which leaves the mesosphere is most likely Na02 
or NaOH, but not NaO. 

c) In the upper stratosphere, it is possible that alkali reactions have a 
significant effect on the concentration of ozone. The reactions of NaO, 
NaOH, and Na02 with HC1 are all very rapid, leading to the formation of 
NaCl, which subsequently photodissociates. The rates of these processes 
are such that sodium can act as a catalytic agent In the release of free 
chlorine, which then attacks ozone. 

d) More detailed in situ atmospheric measurements of both atomic and 
molecular forms of sodium and other meteor metals should be performed. 

e) Investigation of heterogeneous loss processes for gaseous meteor metals 
are recommended. 
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1.     OBJECTIVE 

1.1    Introduction 

Metallic elements volatilized during meteor entry Into the Earth's upper 

atmosphere play a significant role In the structure of the D and E regions of 
1   2 the Ionosphere,   and, at least In the case of sodium, the visible day and 

nlghtglow emissions from the mesosphere and lower thermosphere. 3-5 Recently, 

it was suggested  that sodium and other meteor metals may be important in 

stratospheric chemistry by affecting ozone reduction by the catalytic chlorine 

cycle.6"8 

The influx of meteor metals into  the upper atmosphere has been 

estimated    to be 3.5 x 106 kg yr"1, with a sodium abundance of 2% leading to a 

calculated sodium flux of 1.2 x 10** atoms cm"2 s    . Other estimates of sodium 

flux run as high as    2 x 1Q1* cm"2 s*1.10   The flux of other metallic species 

such as Mg, Ca, Al, Si and Fe will be as much as 10  times higher and 

speculative concerns about their influence on upper atmospheric homogeneous 

and heterogeneous chemistry have been published.      » ~8»10 

Unfortunately, all attempts to model the role of volatilized meteor 

metals (particularly sodium)  in the mesosphere and stratosphere      »7» 

have suffered from an almost total lack of measured rate constants.    All such 

models start with the oxidation of sodium or other metallic species  in 

reaction with atmospheric 0, Oj, or O3.    Through 1982,   the only measured 

chemical rate constants available for any meteor metal oxidation reactions 

were  the  three body recombination reactions of alkali atoms (Na, K) with 
A   16-18 

Na or K + 02 * M * Na02 or K02 + M (1) 
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19 Flame studies by Hynes et al     and direct measurements at 724 and 844 K 

by Husain and Plane18 showed  that this reaction rate is 1000  times faster than 

previously believed.15"17   Recent direct flow tube measurements20 in our 

laboratory have extended these results from 700 K down to 300 K, and show  that 

the reaction rates vary inversely with  temperature,  and confirm  the larger 

values for the rate constants. 

As an indication of  the effect  that the availability of chemical rate 

data has on aeronomic modeling studies,  consider  the  theoretical calculation 

of several important sodium oxidation reaction rate constants: 

Na + 03    ♦ NaO + 0, (2) 

NaO + 0    ♦     Na + 0„ (3) 

and 
NaO +0-    +     Products (4) 

performed at Aerodyne Research, Inc.21    The adoption of realistic values for 

just  thfcse three rate constants has led  to a major revision in  the 

understanding of  the structure of the mesospheric sodium layer,22  the 

magnitude of  the sodium D line nightglow,5»21 and  the understanding of 

long-lived luminous meteor trails.8*21 

From the recent modeling work7*"8»10»13»21"*22 and comparison of 

these models with atmospheric measurements,12»lt*"*15 neutral sodium is 

believed  to be  transformed via a series of chemical reactions  Involving NaO, 

Na02, and NaOH.    A survey of  the relevant literature6"8»10»13 provides a 

fairly complete list of possible neutral sodium reactions of  importance. 

These are listed in Table 1,  in four groups, which to some extent,  reflect  the 

sequence of events from the introduction of neutral sodium at 110 km altitude 

to its disappearance near 70 km.    Also listed are reaction enthalpies, with 

associated uncertainties. 

1-2 



Table 1 - Atmospheric Reactions of Neutral Sodium Species 

I. Sodium Atom Reactions 

III. 

Na + 02 
M 
5 Na02 

Na + 03 ♦ NaO + 02 
Na + H02 ♦ NaOH + 0 

NaH + 02 
NaO + OH 

Na + 0 + NaO 

Sodium Oxide Reactions 

NaO + 03 ♦ Na02 + 02 
♦ Na + 202 

NaO + h2C ♦ NaOH + OH 
NaO + H2 ♦ NaOH + H 
NaO + CH^ ♦ NaOH + CH3 
NaO + HC1 ♦ NaCl + OH 
NaO + 0 + Nn + 02 
NaO + H02 + NaOH + 02 
NaO + H * Na + OH 
NaO + CIO ♦ NaOCl + 0 

Na02 + HC] . * NaCl + H02 
Na02 + Cl ♦ NaCl + 02 
Na02 + C1C » ♦ NaCl + 03 
Na02 + H2 + NaöH + OH 

♦ NaO + H20 
Na02 + 0 ♦ NaO + 02 
Na02 + OH ♦ NaOH + 02 
Na02 + H ♦ NaOH + 0 

♦ Na + H02 

Sodium Hydroxide Reactions 

-AH%(kJ mol"1) 

163 ±21 
167 ±42 
77 ±15 
4 ±21 

273 ±42 

282 ±47 
119 ±42 

1 ±44 
64 ±44 
61 ±44 
134 ±42 
225 ±42 
303 ±44 
155 ±42 

13 ±23 
247 ±21 
84 ±21 

103 ±24 
103 ±47 
no ±47 
181 ±24 
111 ±24 
34 ±23 

NaOH + HC1 
NaOH + Cl 
NaOH + CIO 
NaOH + H 

NaOH + C02 
NaOH + HNO3 

♦ NaCl + H20 
♦ NaCl + OH 
♦ NaCl + HO2 
♦ Na + H20 

5 NaH CO 3 
NaN03 + H20 

133 ±13 
67 ±13 
63  ±15 

154 ±13 

NaHC03 + HC1 ♦ NaCl + Products 

IV. Photolysis Reactions 

NaOH + hv + Na + OH 
NaO + hv ♦ Na + 0 
NaO? + hv ♦ Na + 02 
NaCl + hv ♦ Na + rl 
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The main removal mechanisms of sodium are by reaction with 02 or 03,  the 

latter reaction used by Chapman23  to describe the Na nightglow.    The recent 

rate measurements of reaction (1)  however,  lead us  to believe  that below 80 km 

most of the Na is converted  to Na02. 

The fate of Na02, however,  is uncertain.    Recent measurements by Figger 

et al      and flame studies by-Hynes et al      imply  that  the Na-02 bond strength 

is much weaker than previously believed, with a value of ca.  163 kJ mol"1.    As 

a result, Na02 will react exothermically with atomic oxygen to produce NaO. 

Sodium oxide can react either with ozone  to reform Na02 or Na,  or react with 

water to produce NaOH. 

NaO    + 0 ♦ NaO + 0, (5) 

NaO + 03 * Na + 202 (6a) 

> Na02 + 02 (6b) 

NaO + H20 + NaOH + OH (7) 

Unfortunately, none of  these rates had been measured,  leading  the various 

modelers  to speculate on  the importance of each.10»12-15    As shown by Sze et 

al,      the predominant alkali species below 70 km may be NaO, Na02, and/or 

NaOH, depending on ones choice for ks, kg, and k7. 

In a recent paper by Murad et al,8 it was proposed  that the reactions of 

metal hydroxides and Superoxides with chlorine compounds between 40 and 70 km 

say have an impact on the depletion of stratospheric ozone.    In  the case of 

sodium,   the exothermic bimolecular reactions 

NaOH + HC1 ♦ NaCl + ti 0    , (8) 

Na02 + HC1 ♦ NaCl + H02, (9) 
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NaO + HC1 ♦ NaCl + OH, and possibly (10) 

NaHC03 + HC1 «■ NaCl + H CO , (11) 

might be expected to proceed rapidly and act as a sink for Cl, given that NaCl 

can readily polymerize and condense via heterogeneous nucleation.  Analygous 

reactions also can occur with Cl and CIO, The inclusion of sodium bicarbonate 

(in reaction 11) comes about due to the possible occurrence of the reaction 

NaOH + C02 + M ♦ NaHCO. + M (12) 

Murad et al calculated that if the reaction rate of these sodium species with 

HC1 were "10"11 cm3 mol« 

regeneration mechanism, 

HC1 were "10-11 cm3 molecule'1 s-1, they might be comparable to the major Cl 

OH + HC1 + Cl + H20     . (13) 

While previously published studies have viewed NaCl as a potential sink for 

stratospheric chlorine,7"8 more recent analyses by F.S. Rowland25 Indicate 

that photolysis of NaCl may in fact release free Cl.    Given  the potentially 

large J values (atmospheric photolysis rate)  for this process,25-26 reactions 

(8)-(ll) could effectively supplement,  rather than remove,  reaction (13) as a 

release mechanism for Cl from the inactive HC1 stratospheric reservoir and 

thereby determine  the extent to which ozone might be depleted by chlorine 

compounds in the stratosphere.    However,   to fully understand  the role of 

alkali species in  the stratosphere one must also consider the effects of Na02 

and NaOH photodlssociation on those processes,    »      as well as homonuclear 

and heteronuclear sinks for meteoric metal species. 

The objective of  this program was  to provide direct experimental 

measurements of key rate constants.    Obtaining accurate reaction rates for the 

sodium atmospheric system will enable more accurate modeling of  the sodium 

1-5 



emission and density profiles. Once this Is completed, these results can be 

extended toward the larger goal of understanding the chemistry of the more 

abundant meteor metals. 

Over the three years of work on this program, we have measured rate 

constants for over a dozen alkali reactions and believe that these results 

will lead to a much Improved understanding of the role of meteor metals in 

atmospheric chemical processes. The remainder of this report details and 

summarizes our findings. Section 2 is a reprint of our studies of the 

termolecular recombination of sodium and potassium with molecular oxygen. 

Section 3 is a preprint jf a paper detailing the reaction of Na with O3 and 

N20, and NaO with 03. A reprint discussing our measurements of the reaction 

of NaO and NaOH with HC1 comprises Section 4 and a preprint of the analogous 

reaction of Na02 with HC1 forms Section 5. Section 6 is a preprint of a paper 

describing our measurements of the absolute photodlssoclation cross sections 

for NaCl. Section 7 describes our work on the measurement of the rate 

constant for the reaction of NeOH + C02 + M. A summary of the results 

obtained from this program is contained In Section 8 and a listing of papers 

and presentations made during the course of this contract is given in Section 

9. 

1-6 



1»2 References 

1. Murad, E., J. Geophys. Res. B3, 5525 (1978). 

2. Brown, T.L., Chen. Rev. 73, 645 (1973). 

3. Blaaont, J.E. and Donahue, T.M., J. Geophyi. Res. 69, 4093 (1964). 

4. Hunten, D.M., Space Sei. Rev. £, 493 (1967). 

5. a) Kirchhoff, V.W.J.H., Clemesha, B.R., and Siaonich, D.H., J. Geophys. 
Res. 84, 1323 (1979); 
b) Bates, D.R. and Ojhe, P.C., Nature 286, 790 (1980). 

6. Ferguson, E.E., Geophys. Res. Lett. ,5, 1035 (1978). 

7. Murad, E. and Swider, V«, Geophys. Res. Lett. £, 929 (1979). 

8. Murad, E., Svlder, V., and Benson, S.U., Nature 289, 273 (1981). 

9. Richter, E.S. and Sechrist, C.P., Jr., J. Ataos. and Torres. Phys. 41, 
579 (1979), Geophys. Res. Lett. 6, 183 (1979). "~ 

10. Liu, S.C. and Raid, G.C., Geophys. Res. Lett. 6, 283 (1979). 

11. a) Baggaley, V.J., Nature 257, 567 (1975); 
b) Baggaley, V.J., Nature To7, 376 (1977); 
c) Hapgood, M.A., Natura 2J6T 582 (1980. 

12. Kirchhoff, V.V.J.H., Cleaesha, B.R., and Slaonich, D.M., J. Geophys. 
Res. 86, 6892 (1981). 

13. Sse, N.D., Ko, M.K.V., Svlder, V., and Murad, E., Geophys. Res. Lett. 9, 
1187 (1982). 

14. Kirchhoff, V.V.J.H., Geophys. Res. Lett. H), 721 (1983). 

15. Thoaas, L., Ishervood, N.C., and Bowman, M.R., J. Ata. Terrestrial Phys. 
45, 587 (1983). 

16. Carabetta, R. and Kaskan, V.E., J. Phys. Chea. 72, 2483 (1968). 

17. McEwan, N.J. and Phillips, L.P., Trans. Faraday Soc. 62, 717 (1966). 

18. Husaln, D. and Plane, J.M.C., J. Chea. Soc. Par. Trans. 2, 78, 163 
(1982). ~~ 

1-7 



19. Bynes, A.J., Steinberg, M., and Schofield, K., J. Chem. Phys. 80, 2585 
(1984). 

20. Silver, J.A., Stanton, A.C., Zahnlser, M.S., and Kolb, C.E., 20th 
Symposium (International) on Combustion, 605 (1984). 

21. Kolb, C.E. and Elgin, J.B., Nature 263, 488 (1976). 

22. Simonich, D.H., Clemesha, B.R., and Kirchoff, V.V.J.H., J. Geophys. Res« 
84, 1543 (1979). 

23. Chapman, S., Astrophys. J. 90, 309 (1939). 

24. Figger, H., Schrepp, V. and Zhu, Xu-hui, J. Chem. Phys. 79, 1 (1983). 

25. Rowland, P.S. and Rogers, P.J., Proc. Natl. Acad. Sei. USA 79 (1982). 

26. Davldovits, P. and Brodhead, D.C., J. Cham. Phys. 46, 2968 (1967). 

27. Rowland, P.S. and Haklde, Y.,, Geophys. Res. Lett. 9_, 473 (1982). 

1-8 



SECTION 2 

TEMPERATURE DEPENDENT TERMOLECULAR REACTION RATE CONSTANTS FOR 

POTASSIUM AND SODIUM SUPEROXIDE FORMATION 
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TEMPERATURE DEPENDENT TERMOLECULAR REACTION RATE 
CONSTANTS FOR POTASSIUM AND SODIUM SUPEROXIDE 

FORMATION 

J. A. SILVER. M. S. ZAHXISER. A. V. STAXTOX. AM) C. E   KOLB 

Center for Chemical and Environmental Physic» 
Aerodyne Research. Inc. 

45 Manning Road 
Bitterica. MA 01H21 

Rate constants for the recombination reactions ol alkali atoms with molecular oxygen. K - 
Oj + M -» KO. + M and Xa + O. + M —» Xat); * M. liave l)een measured as a function 
of temperature from 300 to 700 K using a fast flow reactor, leaser induced fluorescence is 
used to monitor the disappearance of Xa or K as a function of Oj and M. The reactions are 
studied in their low pressure third order limit from 1 to ft torr total pressure with V. He. 
and Ar as third bodies. The rate constants are found to have the expected negative tem- 
perature dependence. The values for k (Xa + Ö. + M) are (1.9 ± 0.41 x 10 " (T/300) ''"', 

with M = N\.. (1.4 ± 0.3) x 10"*' (T/300) "'", with VI = He. and (1.2 ± 0 3) ' 10" at 
T = 324 K with M = Ar. all in units of cm" molecules 2 %"'. The values for the corresponding 
reactions with potassium are larger than those for sodium with k (K + C)2 + M> = (5.4 ± 
0.2) x lO10 (T/300) -»»•»* with M = N„ (2.0 * 0.5) x 10 * (T/300)"-'', with M = He. 
and (3.5 ± 1.0) x 10 "' at T • 300 K with M = Ar. The results are compared with other 
recent measurements from flame and flash photolysis studies and with theoretical expecta- 
tions based on an energy transfer RRKM mechanism for the XaOj* activated complex. 

Introduction 

The chemistry of alkali metals in flames com- 
mands our attention for both scholarly and practical 
reasons. From a scientific standpoint reactions of 
alkali atoms, with their single valence electron, form 
a natural test bed to extend our theoretical under- 
standing honed on reactions of atomic hydrogen. 
Furthermore, the low ionization potentials of alkali 
atoms open the possibility of electron transfer re- 
action mechanisms and allow determination of the 
role of ionic potential surfaces in reaction dynamics. 
Finally, incredibly sensitive methods of detecting 
alkali atoms, including hot wire surface kmizaiion. 
laser induced resonance fluorescence, and laser in- 
duced resonance ionization now allow the design of 
elegant experimental studies for environments 
ranging from molecular beams to high pressure 
flames. 

From a practical standpoint, gas phase alkali 
chemistry has long been recognized to be impor- 
tant in flame suppression. '*5 and is also involved 
in the conversion of alkali-containing minerals in coal 
to alkali Sulfates.*"8 These suhates are a major cause 
of fouling and corrosion of boiler-tube surfaces, heat 
exchangers, and turbine blades. Alkali atoms intro- 
duced into the atmosphere by meteor ablation also 
play a role in mesospheric chemistry.*"'' and it has 

been suggested" u that alkali molecules may affect 
stratospheric ozone reduction through the catalytic 
chlorine cycle. 

However, for all the intrinsic »hroretka! and ex- 
perimental interest in alkali reactions, our under- 
standing of the gas phase oxidation chemistry of al- 
kali atoms has only recently progressed, first back 
to. and then beyond the level gained in the 1930s 
in pioneering sod;.im diffusion flame studies by Ha- 
lter and Sachs«1* and Bawn and Evans.1" While 
these low jwvssure studies of the reaction of Na with 
O; showed it proceeded with a tcrmolccular rate 
constant in excess of W cm* »"'. subsequent work 
(primarily in «he mid 1960/sl using ftame photo- 
metric methods !iy Kaskan1' aus! McEwan and 
Phillips1" * indicated much lower MOä formation 
rates (M = Na. Kl': '" *s weil as relatively high 
dissociation energies lor the M—0> Ixmd (M = Na, 
Li)."-" 

Analyses of thcrmochemical cycles by Herrn and 
Hersehhach*1 and Alexander22 clearly indicated that 
the strengths of M—02 bonds deduced from flume 
photometric data by McEwan and Phillips were 
greatly overestimated. This was recently confirmed 
hy Figger and co-workers who analyzed observa- 
tions of chcmiluminesccncc between crossed mo- 
lecular beams of alkali dimers and molecular oxy- 
gen to yield alkali supcroxidc b<»iid energies.21 

605 
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606 REACTION KINETICS 

Reinterpretation of the earlier flame experiments"4 

as well as newly performed flame studies"1 are also 
consistent with lower alkali superoxide IMMKI ener- 
gies. 

The low sodium and potassium termoleeular re- 
action rates deduced from the flame photometry 
studies ' ' are also incorrect. Recently published 
flash photolvsis studies over limited V'inpcrature 
ranges for Li 393 and 463 K> * Cs (32:. K),r \a 
"24 and 844 K•* and K .75;} and 853 K),29 as well 

as flame photometry studies for Xa, all clearly show- 
fast termoleeular rates for alkali superoxide forma- 
tion. 

In this JW|KT we report termoleeular rate con- 
stants for superoxide formation from .sodium and 
potassium wer a much wider temperature range 
than previously available, yielding the first clear, 
direct measurement of the temperature depen- 
dence of these processes. Third Iwdy dependencies 
are illustrated by separate measurements for N2, He 
and Ar. These measurements were made in a high 
temperature, fast flow reactor1" utilizing laser in- 
duced resonance fluorescence detection of atomic 
alkali species. A discussion of these results in terms 
of their importance in testing termoleeular associ- 
ation reaction theory is also presented. 

Experimental 

The high temperature fast flow reactor used in 
these experiments has been described in detail 
previously"' and is shown in Fig. 1 in the config- 
uration used in this study. Briefly, a 7.26 cm di- 
ameter, 120 cm long alumina tube is heated with 
Kanthal resistance heaters. The helium, argon or 
nitrogen carrier gas enters (lie flow tutu- through 
two mullite multichannel arrays which both preheat 
and laminari/c the flow upstream of the reaction 
/.one. A sufficient distance i20cm> is allowed down- 
stream of these arrays for the carrier gas to develop 
a parabolic flow profile before reaching the reaction 

Mulltho** Array« Fluornctnct Wtgloi» 
VtewMkyMIT Sen 

L*Mf ■MR< 

KM.   I. Scht-uialu.  view of the high t<*tn|X-rutiirt- 
flow reactor 

/one. Carrier gas flow rates are measured with cal- 
ibrated rotameters. Total pressures are measured 
with a capacitance manometer at the downstream 
end of the reaction zone. Gas temperatures are ob- 
tained with a chromel-alumel thermocouple which 
is movable throughout the reaction zone. The low- 
est reaction temperatures are slightly above room 
temperature due to the heating of the carrier gas 
as it passes over the resistively heated alkali oven. 
The maximum axial temperature gradient due to this 
effect over the region in which decay measure- 
ments are taken is 10 to 20 degrees depending on 
flow velocity, pressure, and identity of carrier gas. 
The temperature at the mid point of the reaction 
/one as measured by the movable thermocouple is 
used in the data analysis. Axial profiles are more 
uniform, ±2 to 5 degrees, at elevated temperatures 
: >400 K) where heating is dominated by the flow 
tube walls and the mullite arrays. Although the ap- 
paratus is capable of temperatures up to 1500 K, 
experimental considerations as described below 
limited the upper temperature to 700 K for these 
studies. 

Alkali atoms are generated by heating the pure 
metal in a 25 mm diameter cylindrical silver plated 
monel oven to a temperature sufficient to obtain a 
vapor pressure of 10"8 to 10"4 torr within the ove^> 
The oven is mounted on the end of a movable 13 
mm od alumina tube concentric to the main flow 
tube. The vapor is entrained in a flow of carrier gas 
and introduced into the flow tube in one of two 
configurations. For the kinetic measurements with 
Oj, the oven is placed .'* a fixed position upstream 
of the multichannel arrays and the alkali vapor is 
introduced into the main flow through a 10 cm 
length of 19 mm diameter ilver tubing which passes 
through tlie center of the arrays. In the second 
configuration, the oven is placed downstream of the 
arrays and is movable throughout the reaction zer.<- 
to determine the loss of alkali atoms on the reactor 
walls. The oven temperature is controlled with re- 
sistive heating elements independent of the flow tube 
heaters. Initial alkali atom concentrations in the re- 
action zone are maintained at less than 1010 cm-1 

by adjusting the oven temperature and the carrier 
gas flow rate through the oven. 

The alkali atoms are detected by User induced 
fluorescence at the downstream end of the flow tube. 
A Molectron DL14 nitrogen pumped dye laser is 
used to excite the 4s JS|,j -* 5p %?vi transition at 
404.4 nin lor potassium or the 3s äSj/j -» 3p :PVJ 

transition at 389.0 nm for sodium. Fluorescence is 
collected using a gated phototube and a computer 
ttintrolh-d data acquisition system. The signals are 
averaged over KM) laser pulses after subtracting for 
iMinfluorescent background contributions and nor- 
:nalkmg for pulse to pulse fluctuations in laser in- 
tensity. Although no direct calibration of the fluo- 
rescence signal was attempted, estimates of 
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sensitix ity from known phototube and integrator re- 
sponse, measured laser power, and atomie transi- 
tion probabilities indicate a detection limit for Xa 
of 10* cm"3 and for K of 106 cm" using these tran- 
sitions. 

Molecular oxygen is added through a movable loop 
injector at distances from 10 to 60 cm upstream of 
the detection region. Oj flow rates are measured 
with a calibrated thermal conductivity mass flow- 
meter. The kinetic measurements are conducted 
under pseudo-first order conditions with 2 x 10u 

< [Oj] < 7 x 1015 cm"3, in large excess compared 
to the alkali metal atom concentration, yet always 
<5% of the total gas concentration. First order rate 
constants are determined for a fixed O* concentra- 
tion by recording the change in alkali atom con- 
centration as a function of 02 injector distance. 

Corrections for both axial and radial diffusion and 
wall removal are made using the procedure out- 
lined by Brown.31 This method is based on a nu- 
merical soiution of the continuity equation includ- 
ing diffusion, first o der chemical reaction and wall 
removal in a cylincHcal tube with fully developed 
laminar flow. A mu tiplicative correction factor, ob- 
tained for each set of experimental conditions, is 
used to relate the observed decay to the true first 
order rate constant. This correction factor is de- 
pendent on the wall removal rate constant. ku. and 
the binary diffusion coefficient for the alkal: atom 
in the carrier gas. Values for k„ are determined in 
separate experiments at each pressure and temper- 
ature by observing the change in atom concentra- 
tion at the detection point while varying the source 
oxen position. The loss of atoms to the wall was 
found to be diffusion limited for all the conditions 
used in this study, implying a surface accommo- 
dation coefficient y > 0.1. The observed wall loss 
rate under these conditions max therefore be used 
to determine the diffusion coefficient'12 which i» then 
used to determine the correction factor for the re- 
active flow analysis. The correction factors obtained 
by this method were in the range ktruv/k<jk, from 
1.32 to 1.86, with most lying between 1.60 and 1.63. 
Inder the flow conditions of these experiments, the 
ratio of reaction to diffusion times is not unlike those 
encountered in ion-molecule reactions,11 which also 
exhibit correction factors on the order of 1.6. 

Results ami Discussion 

Reaction rate constants of atomic sodium with 02 

were measured over the temperature range of 320- 
698 K for nitrogen as the third body collision part- 
ner, and over the range of 309-473 K in helium: 
for potassium, the corresponding temperature ranges 
were 308-720 K and 296-320 K. respectively. Room 
temperature measurements were also made in ar- 
gon for both Na and K. Pressures at each temper- 
ature range from 1 to between 3 and 8 torr. Above 

700 K. no reliable decays could In- measured, lo- 
calise alkali atoms which had accumulated on the 
xvalls at lower temperatures began to effuse into the 
flow, interfering with the rate measurements. 

I'sing the data for Na + ()2 + iHe) as an ex- 
ample, we see in Fig. 2 that the first-order (loga- 
rithmic) decays of signal with reaction time are lin- 
ear for oxer a factor of KM). Plots of a series of first- 
order rate constants (corrected for wall and diffu- 
sional effects) versus [O*] are illustrated in Fig. 3. 
Second-order rate constants derived from these are 
then plotted xs. total number density and the third- 
order rate constants are determined from the slopes 
of these plots. In most cases, these lines intersect 
the origin to within the statistical uncertainties of 
the fit (±10 s'). For Nu + 02 + iS2), a small 
positive intercept is observed at all temperatures. 
The cause for the intercept is unclear. An expla- 
nation sometimes given for such lichaxior is that the 
wall acts as a stabilizing third body and adds a 
pressure independent component to it". However, 
this explanation would appear unlikely in these ex- 
periments given the near unit efficiency for wall re- 
moxal of all alkali species. An alternative explana- 
tion is that insufficient diffusional mixing of the 
injected l)2 could lead to underestimation of k" at 
higher pressures, resulting in an apparent intercept 

REACTION TIME (ms) 
0 10 20 30 40 

0.10 

0.010 

0.001 
0   10   20   30   40   SO   gU 

REACTION DISTANCE (em) 

Ku. 2. Pseudo-first order decay <>f Xa fluores- 
cence signal xs. reaction distance for M = He at 
309 K and 5 05 torr ((>,] = 1.0» la). 3.36 (b), 7.29 
If). 143 (d), 26.6 <*>, units of 10" cm '. The esti- 
mated relative standard deviations for these points 
range from It to 4%. 
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02 CONCENTRATION (10« cnH) 

Fir.. 3. Plots of first-orde' Na decay rates vs. |Oj 
for M ■ He and T = 309-335 K. Total pressure 
(torr) ■ 1.05 (0). 1.31 (•). 2.52 (+). 3.04 <A>. 5.05 
(V). Each point has lieen corrected for the effects 
of diffusion and wall loss. Error bars correspond to 

in the k vs. pressure plots. However, calculation!! 
of mixing length indicate that this effect should not 
IK- significant even at the Inchest pressure tS torr) 
in these studies. 

The three-body association rate constants as a 
function of temperature lor various third bods col- 
lision partners are shown for sodium in Fig. 4 and 
for potassium in Fin. 5. The data can IK* described 
by an expression of the form t'"tT) = AT". Tin- 
results of nonlinear least-square tits to this function 
are found in Table 1. For sodium in helium and 
nitrogen, and for potassium ;n helium, a simple T ' 
representation could also lie used. However, the 
results for potassium in nitrogen show a somewhat 
weaker temperature dependence, l>est represented 
by T-****» although this difference is not sig- 
nificant within the statistical uncertainties of the data. 

The expressed total experimental uncertainties, 
including allowance for systematic errors, can lie 
estimated as the square root of the sum of the 
squared individual uncertainties due to a) flow ve- 
locity, temperature, pressure, and concentration 

10-": 

M   IB-" 

Fit;. 4. Plot of In k(Tl vs. hi T for the reaction 
\a + <>_. + M. with M " V (circles). He (trian- 
gles), and Ar (square! for this work. Hie solid lines 
are least-square fits to these data. The + and X 
symbols represent data for M = V and He, re- 
spectively from reference 2S. and the dashed line 
M  = flame jjasesi is from reference 25. 

calibration factors, 5r/f. In the precision in deter- 
mining the cex'tficient A in the expression for fc",(Tl, 
\"ri. and e) the uncertainty in the correction of ob- 
served first-order decays for wall removal and dif- 
fusion^ effects. 10%. 

Table I also contains other determinations of it. 
Ilusain and Plane2*1 ** used a flash photolysis sys- 
tem to generate alkali atoms from kl and Mal and 
followed the decay of K and Na by atomic reso- 
nance absorption. They observed no temperature 
dependence over their limited temperature range 
(724 K and W4 Ki for the Na + <>2 + M reaction. 

TEMPERATURE (K) 

Fit.. 5. Plot of In t(T> vs. In T tor the reaction K 
+ ()., + M, with M = V (circles*. He (triangles1, 
and Ar (squarel. The solid lines are least-square fits 
to these data. Hie ♦ and * symbols represent data 
for M ■ Nj and He. respective)} from reference 
29. 
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TABLE I 
Comparison of measured rate constant» for Na + 02 + M -» NaOa + M 

and K + 0, + M - KO, + M 

Reference Alkal Method M P (torr) T(K) k (cm* O 

This work Na Fast Flow 
Reactor 

N2 0.8-8.0 320-700 (1.9 ± 0.4) x 10 * 07300)"*°' 

Laser Induced He 1.0-8.1 310-470 (1.4 ± 0.3' x 10 * iT/300)-0^''5 

Fluorescence Ar 1.0-30 324 (1.2 t 0.31 x 10 v' 

Husain and Na Flash Photolysis N2 25-150 724 1.1  x 10 " 
Plane* Resonance 844 1.0 x 10 * 

Absorption He 30-120 724 
844 

0.53 x 10* 
0.67 x 10* 

Hvnes Na Flame Studies H^O/Oj/N, 760 1650-2400 2 x 10 •*» T ' 
et ai.a with Laser 

Induced 
Fluorescence 

Mixtures 

Bawn and Na Diffusion Ns 4-25 533 4.6 x  10 * 
Evans'» Flame 

This work K Fast Flow N, 1 0-6.0 302-720 (5.4 S 0.2- x 10 * .T/300r»*-ui" 
Reactor He 1.0-6.0 296-520 (2.0 * 0.5; x 10 * (T/300T""" 
Laser Induced Ar 1.6 300 (3.5 ± 1.0! x 10"* 

Fluorescence 

Husain and K Flash Photolysis N; 40-160 753 2.9 x 10 "' 
Plane" Resonance 873 1.4 x 10 "' 

Absorption He 40-160 753 
873 

1.5 x  10 " 
0.96 x 10 *' 

A substantially larger variation with temperature was 
obtained for their K + 0> + M study although they 
arbitrarily fit their data to a T"' dependence. The 
agreement l>ehveen their values and the slightly ex- 
trapolated temperature dependent rate constants for 
both reactions from this work is satisfactory, espe- 
cially considering the very different methods em- 
ployed. This comparison is shown in Figs. 4 and 5. 

Hynes et al.M have studied the Na + Oj + M 
reaction in experiments using laser induced fluo- 
rescence to measure Na and OH profiles under fuel 
lean conditions in H»/0;/.V flames. A detailed ki- 
netic model assuming reasonable values for rate 
constants lor tk* reactions interconnecting the spe- 
cies Na. NaO*. NaO uixi NaOH is used to deter- 
mine the best fit to the observations. Their opti- 
mum value of 4(Na -r Oj + M'. assuming a T 
temperature dependence, is shown in Fig. 4. and 
is lower by about a factor of 4 compared to the 
extrapolated fit from this work. Part of this differ- 
ence may IK- explained by the different identities 
of M iXj, Oj, HiO mixtures) in their flame studies 
Hynes et al.25 also explain the discrepancy between 
their result and the earlier flame studies,'" '" which 
obtained a lower value lor fcNa * Oä + M> bv 

nearly three orders of magnitude. Tlie earlier works 
had incorrectly attributed the global disappearance 
of Na to reaction with ()2. while in fact the Na con- 
centration follows that of atomic hydrogen, whose 
decay is controlled by reaction with 0> to form II02. 
A similar explanation has been proposed by Jen- 
sen.'4 

The much earlier diffusion flame studies15 "* cor- 
rec'ly identified the Na + O» + M reaction to be 
last for a three body process. The later and more 
extensive study by Hawn and Evans"* obtained a 
\alue at 533 K which is higher by a (actor of 3 than 
this study. They also observed a fall-off behavior for 
their second order rate constant with pressure above 
about 10 torr and present their results in terms of 
an energy transfer mechanism usiim a I jndemann- 
tvpc expression to interpret their data. This fall-off 
U'luiMor was not observed hi iiusam and Plane1"1 

who show linear plots of k ' versus pressure from 
25 to 150 torr. Their effective liinmlecular rate at 
ISO torr and 724 K for tin- Na * O* •+ IN»I re- 
action of 22 x |0 '- ciu' s ' is nearly equal to 
the high pressure limit inferred In Bawn and Ev- 
ans of 3 x 10 '- cm1 s ' It thus appears that the 
pressure dependence observed by Hawn and Evans 
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may have been an artifact of their experimental dif- 
fusion flame technique. No curvature was observed 
in our lower pressure P s 8 torr conditions of this 
study and under these conditions, the recombina- 
tion reaction appears to be in its low pressure, third 
order, limit. 

In this limit, the recombination rate constant can 
best be calculated using unimolecular rate theory,M 

in which second-order rate constants for unimolecu- 
lar decomposition are related through the equilib- 
rium constant to the third order (low pressure) as- 
sociation rate constants. The unimolecular rate 
constants are obtained using simplified equations of 
Troe based on RRKM theory.3*"38 The recombi- 
nation rate constant can be expressed as the prod- 
uct of a strong collision rate constant k%cl, and a 
weak collision deactivation efficiency term ß,. 

*rec       *rn.(» p,< (1) 

In effect, ßf is a term expressing the efficiency by 
which (NaO*)* is stabilized upon collision. In the 
absence of detailed state-to-state energy transfer 
rates, ßc is an adjustable parameter which depends 
on the average change in internal energy of the 
transition state complex per collision, (AE), so that 

ßr       _ <AE) 

1 - ß,."*     FERT 
i2i 

Fg is a correction term for the energy depen- 
dence of the densih of states in the transition com- 
plex. Using a value of 163 kj mole"' for the Na—()* 
bond energy,25 Patrick and Gok'on3, have calcu- 
lated k%e for Na + 02 + (He* at 300 and 700 K. 
The computations result in i£, „ (300 K) = 7.H x 
10"30 cm8 s"1 for M = He. Thus, a value of ß( = 
0.18 is required to reproduce the experimental re- 
sult. The average energy transferred per collision is 
0.8 kj mole"1. At TOOK. J&„ ■ 4.2 x 
10*3OcmV, suggesting a value of ßr = 0.09 if 
(AE) is assumed to IK* independent of temperature. 
Extrapolation of the experimental value for helium 
to 700 K results in an observed ß, = 0.14. in good 
agreement, considering the simplified ass options 
of this approach. 

This unimolecular approach has been shown to 
be fairly reliable in calculating termolecular asso- 
ciation rate constants for a variety of species. w * 
The values of ß, for M = N. and Ar tend to lie 
in the range of 0.1-0.5. The calculations for Na + 
O? in helium agree quite well with these numbers, 
given that one might expect helium to he some- 
what less efficient than X. in quenching the excited 
intermediate. For the similar reaction H + (#_< ■» 
< XV. the calculations also perform well, giving ß, 
= 0.08, even though the rate constant for this re- 
action. 5.9 x 10" *- cm* s ' at 300 K ls is approx- 

imately 30 times slower than the corresponding so- 
dium reaction. 

In extrapolating our measured rate constants to 
higher pressures, it is important to understand the 
fall-off behavior as the reaction mechanism goes from 
its low pressure third order limit to its high pres- 
sure second order limit. A method for calculating 
the fall-off parameter based on RRKM theory has 
l>een developed by Luther and Troe.39 Using their 
approach, the himolecular rate constant in the tran- 
sition region may be calculated as34* 

£ll _    *»«''1M)    p<l . |l..K„,*,.iMj/t,.p| '        ß( 

L + MM] 

where Jt» and k„ are the high pressure and low 
pressure limiting rate constants, respectively. The 
broadening parameter, F, is dependent on the mo- 
lecular structure of the adduct and typically is on 
the order of 0.6 for small molecules.34 The Patrick 
\nd Golden calculation for NaO>* gives F = O.5.3' 

In order to assess the fall-off behavior, the as- 
sociation rate k% may be estimated from the dy- 
namics of the Na + Oä encounter. Alkali atom re- 
actions are often described in terms of their ionic 
character which leads to very fast reaction rates via 
an electron jump mechanism.4" Ionic forces in the 
alkali-oxygen associations, however, are not as dom- 
inant as in other alkali atom reaction mechanisms. 
Although the approaching species do adiabatically 
transfer from the incident covalent potential surface 
to an ionic surface (electron jump mechanism), the 
crossing distance (r,) is relatively small as compared 
with alkali-halogen systems and the overall associ- 
ation rate is dominated by the dispersion interac- 
tion on the covalent potential surface. This is illus- 
trated by comparing the rate constant based on the 
product of the mean collision velocity and the elec- 
tron jump cross section (modified to account for the 
dispersion and angular momentum terms in the eo- 
salent potential function i." to a rate constant com- 
puted sok-ly from a close collision model, in which 
all collisions surmounting the annular momentum 
barrier of a Cr"H potential contribute to the rate. 
For Na + Oi at 300 K, an electron jump rate con- 
stant ir,. = 2.6 A) is 1.5 x 10 *' $-', while 
the close collision constant is 5 9 x |0~'" cm' $"'• 
Thus, it appears that the rate of intermediate com- 
plex formation for reaction (2) is uoxerned by long 
range dispersion forces, as found in most covalent 
systems. Once formed, however, these intermedi- 
ates are certainly (alkali (K inn pairs." In either 
case, the association rate constant is cx|)cctcd to l>c 
list with a value lor k.  > 10 "' cm' s '. 

Using a value lor k, = 2 x 10 '" t„,' s '. Kq 
(3> may be used to estimate the ratio of the ob- 
served rate constant. Ii,j„, to the true third order 
loss pressure limit. k„  At the maximum density in 
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our studies, 1.6 X 101' cm""', one obtains k,4,Jk„ 
= 0.93 which indicates that our experiments are 
essentially in the low pressure limit. For the con- 
ditions of Husain and Plane2" (150 torr, 724 K). this 
same calculation would predict k,j,Jk„ = 0.87. For 
the combustion conditions with P = 760 torr, T = 
2000 K applicable to the Hyncs et ai. study.25 one 
obtains k^/k,, = 0.89. Thus, the large value for 
kx would indicate that lx>th of these studies are also 
essentially in the low pressure limit with regard to 
the recombination reaction. 
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COMMENTS 

A. Fontijn, Rensselaer Polytechnic Institute. USA. 
You mentioned some work you did on the temper- 
ature dependence of reactions of NaOH and NaCl 
(e.g., with H). How were the reactants generated 
in these experiments? 

Authors' Reply. We have recently completed a 
study of rate constant measurement for the reac- 
tions of NaOH + HC1 - NaCl + H;0. and NaO 
+ HC1 -* NaCl + OH.' Both alkali reactants arc 
formed from the gas phase reaction of atomic so- 
dium and hydrogen peroxide. Measurement of the 

alkali products was done by converting the alkali 
molecule to atomic sodium in the detection zone 
(by addition of excess atomic hydrogen) and detec- 
tion using laser induced fluorescence. 
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DETERMINATION OF THE ABSOLUTE RATE CONSTANTS  FOR THE ROOM TEMPERATURE 
REACTIONS OF ATOMIC SODIUM WITH OZONE AND NITROUS OXIDE 

Joel A. Sliver* and Charles E. Kolb 
Center for Chemical and Environmental Physics 

45 Manning Road, Billerica, MA 01821 

ABSTRACT 

The reaction of atomic sodium with ozone is important in describing the 

chemistry of the lower thermosphere and upper mesosphere, and is directly 

related to the observed sodium D-line emissions at 589 nm in these regions of 

the atmosphere.    We report a room temperature rate constant of this reaction 

to be (3.1 ±0.4) x 10"10 cm3 molecule"1 s*1.   The rate constant for the NaO + 

O3 reaction is determined to be about 2 x 10"l0 cm"3 molecule"1 a"1, with 0.7 

±0.2 of the products being Na02 + 02, and the remainder Na + 202*    We have 

also measured the rate constant for Na + N20 ♦ NaO + N2 to be (7.7 ±0.9) x 

10"13 cm3 molecule"1 s"1 at 295 R.    The Impact of  the reactions with ozone on 

the mesopheric chemistry of alkali metals of meteoric origin is discussed. 

♦Present address:    Southwest Sciences, Inc. 
1570 Pacheco Street, Suite E-ll 
Santa Fe, NM   87501 
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INTRODUCTION 

The reaction of atomic sodium with ozone Is of fundamental Importance In 

understanding the chemistry of ablated meteor metals in the lower 

thermosphere and upper mesosphere.    It is the major sink for atomic sodium 

above 85 km and knowledge of* its rate constant is critical for modeling the 

70-95 km layer and in understanding the processes leading to the sodium D-line 

Chapman emissions.1"15   Despite these significant modeling efforts, prior to 

1982 almost no kinetic data existed for most of the reactions used in these 

models.    The earlier models utilized rate constants which were estimated from 

analogy with atomic hydrogen reactions.    In 1976, Kolb and Elgin16 pointed out 

that the alkali metal atom reaction rates are often much faster than the 

analogous hydrogen reactions, due to long-range "electron-jump" processes. 

However,  it has only been in the last few years that direct measurements of 

alkali rate constants have been made to confirm these suggestions.18"25 

In this paper we report room temperature measurements of the rate 

constants for the reactions of atomic sodium with ozone and nitrous oxide, 

Na + 03 ♦ NaO + 02     AHf - -167 t 42 kJ mole"1 (1) 

Na + N20 ♦ NaO + N2 AHf - -106 ± 42 kJ mole"1 (2) 

Ve also present information on the approximate rate constant and product 

branching ratio for the reaction of sodium monoxide with ozone, 

>3 



NaO + Ü, ♦ Naü„ + On (3a) 
3     2   2 

*  Na + 202 (3b) 

These and other recent results will help to provide a clearer picture of the 

chemistry of meteor metals in the mesophere. 

EXPERIMENTAL 

Rate constant determinations ere made in a fast-flow reactor, which is 

illustrated in Figure 1 and has been described in detail elsewhere.18»26 

Briefly, the flow reactor is a 7.26-cm-diameter, 120-cm-long alumina tube, 

with four perpendicular side arms at the tube exit which permit optical 

detection of the flow species* Helium carrier gas is added at the entrance of 

the flow tube through mullite multichannel arrays which laminarlze the flow. 

Gas volumetric flow rates are determined with calibrated thermal conductivity 

type mass flow meters. A calibrated MKS Baratron Model 310-BHS capacitance 

manometer (0.8% accuracy) is used to measure pressure. 

Alkali atoms are generated by heating a 1 g sample of metallic sodium in 

a 2.5-cm-diameter cylindrical none! oven to a temperature commensurate with 

attaining a vapor pressure of 10*°* to 10""* torr within the oven. The oven is 

enclosed in a 4-cm-diameter water-cooled sheath to prevent heating of the main 

flow carrier gas. The sodium vapor is entrained in a small flow of helium and 

introduced into the flow tube, where dilution by the carrier gas in the main 

flow tube restricts the sodium concentration in the reaction zone to no more 

than 10-° cm"3. 
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Ozone Is generated just before each experiment In a commercial ozonator 

(Welsbach Model T-408) and collected on silica gel at 196 K.    It is  then 

pumped on for a few hours  to remove any remaining 02.    It is eluted into  the 

flow tube quartz injector with a controlled flow of helium.    The ozone flow 

rate isdetermined by UV absorption at 253.7 on (using a Hg pen lamp and 

interference filter)  in a 1.00-cm-long stainless steel cell.    The partial 

pressure is measured using Beer's law and the absorption cross section of 

1.15 x 10*"17 cm2.27   This calculation uses a cell temperature about 7°C above 

room temperature, due  to heating of  the cell by the lamp.   The  total pressure 

in the cell,  typically 700 - 760 torr, Is measured with a Validyne pressure 

transducer.    There are negligible losses of ozone during transport, via Teflon 

tubing,  to the flow tube,  in the 2-meter-long quartz Injector, or along a 72 

cm length of the flow tube.    This was ascertained by a series of calibrations 

in which a second absorption system was set up to measure 03 partial pressures 

in the flow reactor detection zone.   This system consisted of a mercury 

resonance lamp (Spectrollne), with the 253.7 ns line Isolated by a 0.074 m 

monochrometer (PTR Optics), and measured by a photodlode using phase-sensitive 

detection.    After correction for differing path lengths, flows, etc.,   the 03 

concentration In the flow tube matched that In the cell  to within 102,  over 

all flow conditions used during the actual rate experiments. 

Detection of atomic sodium was accomplished in two ways, either by 

resonance lamp fluorescence with phase sensitive detection, or by 

laser-induced fluorescence using a gated integrator.    At the lo» levels of 

atomic sodium reaching the detection region optical trapping Is not a 

problem.    In both cases,  the dare were fed  to an IBM X/T computer for on-lln« 

collection end analysis. 
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All rate measurement are performed with O3 or N2O > Na, ensuring 

pseudo-first order kinetic conditions. Reaction times were varied from 

approximately 3 - 40 ms for the ozone reaction and 1 - 30 ms for the nitrous 

oxide reaction. Data analysis and corrections for wall loss and diffusion 

effects were made as described in previous alkali reaction studies. »-8 

The purities of chemicals used in these experiments are as follows: 

sodium metal, 99.95% (Alfa); helium for 03 and Na flows, 99.998Z; helium for 

main flow, 99.9952; oxygen, 99.99%; hydrogen chloride, 99.992; nitrous oxide, 

99.0Z; and carbon monoxide, 99.8%. 

RESULTS 

Na_+_03 

The reaction of atomic sodium with ozone forms sodium monoxide as a 

product, 

Na + 03 ♦ NaO + 02 . (1) 

However,  the NaO subsequently reacts with ozone,  to produce either Na02 or to 

reform atomic sodium, 

NaO ♦ 03 ♦ Na02 + 02    AHf - -282 t 47 kJ mole"1 (3a) 

♦ Na + 202      AHr - -119 ± 42 kJ mole"1 (3b) 
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If the branching to 3b is significant, the observed decays of sodium would not 

be linear (on a semilog plot of signal versus reaction time), and a more 

complicated data analysis would be required. 

We suppressed this possible complication by adding hydrogen chloride 

along with the main carrier flow in concentrations exceeding that of O3 by a 

factor of 100. The reaction of NaO with HC1 produces nonreactive NaCl,18 

NaO + HC1 ♦ NaCl + OH, (4) 

so that the observed semilog decays of atomic sodium become linear and result 

only from reaction 1. 

Decays of Na for seven concentrations of ozone covering the range of 

4.04-36.3 x 10      cm     are shown in Figure 2.   These were made for pressures of 

1.95-2.31  torr and flow velocities of 1380-1635 as s"1 at 293 K.    These plots 

are linear for ever four orders of magnitude of sodium concentration.    The 

first order decay rates obtained from the slopes of the lines, corrected for 

diffusion and wall loss (with factors ranging from 1.66  to 1.90), are plotted 

versus the corresponding O3 concentration in Figure 3»    A least-squares fit to 

the slope of this line, weighted by the uncertainties in each point,  results 

In a rate constant value of (3.1 ±0.4) x 10"l0 cm3 molecule'1 s~l for reaction 

1.    The uncertainty expressed Includes precision error« (eat standard 

deviation), as well as estimated errors In accuracy. 

Our Na + O3 results are in good agreement with recent measurements by 

Husaln et al.21 who measured this rate constant tc be 4 (44, -2) x 10"10 cm3 

molecule"1 s"1 at 500 K using atomic resonance spectroscopy following pulsed 
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Irradiation.    However,   they did not lake into account any effects of  the NaO + 

O3 reaction, so that their result can be considered only qualitatively 

correct.    Our results are a factor of two smaller than that measured by Ager 

and Howard,25 using very similar experimental techniques.   The reason for this 

discrepancy is unclear. 

A series of measurements were also made without adding HC1.    Ve attempted 

to fit the observed curvature in these decays with a model containing 

reactions 1, 3a, and 3b.   The analytic solution for [Na]  is a sum of two 

exponential decays, 

(Na(x)] - ae"bx+ ce"**, 

where 

a,b,c, and d are algebraic combinations of k\t k3a, and k3D, and x ■ 

[03]t.    Sodium profiles (as measured at the detector) from this calculation 

are plotted as a function of (03]t in Figure 4, along with the experimental 

data taken without HC1.   The value» used for the rate constants are those 

uncorrected for diffusion effects, as we are trying to fit raw data.    However, 

these corrections are stralghtfoward, since they are approximately Independent 

(1.66-1.90 for this data) of the magnitude of the observed reaction rate in 

the situation of unit wall loss and fast radial diffusion.28   Ue also assume 

that the wall loss rate and diffusion corrections are the same for all of  the 

molecular sodium species in the calculation.    One set of solutions is shown in 

Figure 4, using the measured value of kj and a value of k3 equivalent to 2 x 

NT10 cm3 molecule"*1 s"1.   The curves illustrate how the decay varies as a 
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function of k3a/k3.    Although the fit for k3a/Vc3 " 0.7 is good,   the shapes 

of the curves vary with k3.    As k3 is decreased,  the curves break away from 

the k3D ■ 0 curve (e) at larger values of [03]t, and flatten out more 

rapidly for corresponding values of k3a/k3.    Given the approximations  in 

this calculation,   the scatter in our data, and  the ambiguity 

in fitting these curves, we conclude  that k3 is approximately 2 x 10"10 cm3 

molecule"1  s~l and  that k3a/k3 » 0.7 ±0.2. 

NaO + N?0 

The reaction of atomic sodium with nitrous oxide is much slower than with 

ozone.    Furthermore, nonlinear!ties in the semilog plots of signal versus 

reaction time are not observed, demonstrating then the reaction of NaO with 

N20 does not have a significant atomic sodium product channel.    Thirteen 

sodium decays were measured (of which, for clarity, seven are shown In Figure 

S) for a nitrous oxide concentration range of 3.97 - 95.4 x 1013 cm**3.    The 

flow velocity for these experiments was either 840 or 1240 cm s"1, at 

corresponding pressures of 1.52 and 2.23 torr.   The overall results were the 

same for both operating conditions.    The corrected first order decays obtained 

from these lines (with correction factors ranging from 1.62  to 1.82) are 

plotted versus [N20]  In Figure 6.    The resultant rate constant for this 

reaction is k2- (7.7 + 0.9) x 10"13 cm3 molecule -1 s"1 at 295 K.    This la In 

excellent agreement with an extrapolation to room temperature of results of 

Husain and Marshall.24*   Their value of k2 - (1.9 ±0.3) x 10"l0 exp (-12.5 

±0.6 kJ/mole/RT) cm3 molecule"1 s"1, was measured over the   temperature 
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range of 349 - 917 K.    This also agrees with a room temperature result of 

(8.2 ±1.5) x l<r13 cm3 molecule-1 s"1 of Ager and Howard.25 

DISCUSSION 

The results of this work confirm that the Na + O3 reaction rate constant 

approaches the gas kinetic limit, agreeing remarkably well with 3.3 x 10"10 

cm3 molecule-1 a      predicted by Kolb and Elgin16 using an electron*-jump 

model.    Unlike ozone, N2O is an 18-electron closed shell molecule and despite 

a large exothermicity, exhibits a moderate activation energy,24 leading to a 

lower value for the room temperature rate constant.   This activation energy 

might be explained by the Increase of reactive cross section with increasing 

vibrational excitation,  lr correlation with the increasing stability of a bent 

N20~ structure as predicted by Walsh's rules, as previously observed with 

reactions of N20 with Ba and Sm.30-32 

The fate of neutral sodium as It enters  the mesophere is Illustrated in 

Figure 7.    Above 85 km, It reacts primarily with ozone to form NaO, which 

subsequently reacts with atomic oxygen to produce both ground state and 

electronically excited sodium atoms.   This latter process leads  to ihs 

observed D-line emission of sodium at 589 on.1    Below 85 km,  the termolecular 

recombination with 02 dominates, forming Na02.   This molecule can react with 

atomic oxygen to form NaO, which is rapidly converted  to NaOH by reaction with 

H20.2S    It Is still uncertain whether NaOH Is the major alkali species below 

70 km, or if both Na02 and NaOH are significant.    This depends on the rate 

constant for Na02 + 0 ♦ NaO + 02, and on the photolysis rates for NaO, Na02 

and NaOH, which have not yet been directly measured. 
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In conclusion, we have confirmed that the reaction of ozone with atomic 

sodium at room temperature is near its gas kinetic limit, strengthening the 

recent model predictions for the partitioning of alkali species in the 

mesosphere and upper stratosphere. Although much remains to be done, our 

understanding of atmospheric chemical cycles involving metals of meteoric 

origin has significantly improved in the past few years. 
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FIGURE CAPTIONS 

1. Illustration of fast flow reactor In which these rate constant 

measurements were made. 

2. Pseudo first-order decays for the Na+03 reaction in the presence of 

hydrogen chloride.   [03] - 5.04,   (O),  5.34  (•), 8.64  Q,  17.2 (■),  17.3 

(&), 21.8 (A), 36.3 (0);  units of 10ll cm"3. 

3. Dependence of corrected pseudo-first-order rate constant on O3 

concentration at 293 K 

4. Plot of computed curves for observed Na decay as a function of [03Jt 

for a variety of values of k3a/k3. This calculation uses ki ■ 3.1 x 

10"10 cm3 molecule"1 s"1, and k2 « 2 x 10"l0 cm3 molecule'l s"1. 

k3a.A3 " a> °J   b> °«5? c> °»7J  d> 0»9;  •> k3b " 0. 

5. Pseudo-first-order decays for the Na-H^O reaction.    [N2O] - 3.97  (O), 

10.8 (•), 24.0  O, 35.5  (■), 48.7  (A), 61.2  (A),  95.4 (O);  units of 

1013 cm"3. 

6. Dependence of corrected pseudo-first-order rate constant on N2O 

concentrations at 295 K. 

7. Schematic Diagram for Mesospherlc Sodium Chemistry. 
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SECTION 4 

GAS-PHASE REACTION RATE OF SODIUM HYDROXIDE 

WITH HYDROCHLORIC ACID 
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Gas-Phase Reaction Rate of Sodium Hydroxide with Hydrochloric Acid 

J. A. Silver,* A. C. Stint«, M. S. Zahaber, and C. E. Kolb 
Center for Chemical and Environmental Physics. Aerodyne Research, Inc., Billerica, Massachusetts 0IS2I 
(Received: February 7. 1984) 

The reactions of metallic species introduced into the atmosphere by meteor ablation may play a significant role in stratospheric 
chemistry. In particular, it has been suggested that the reaction of NaOH with HCI might affect the concentration of odd 
chlorine, thus having an impact on the ozone balance. This paper describes the first measurement of this reaction rate constant. 
At 308 K, we find that * » (2.8 ± 0.9) x I0~10 cm1 molecule'1 $"'. As a result of the methods developed to perform this 
measurement, we have also determined estimates of the following room temperature rate constants in units of cm3 molecule ' 
s-': *(NaO + HCI - NaCI + OH) * 2.8 X 10'°. *(NaOH + H - Na ♦ H,0) > 4 X lO"". JNNaCI + H - Na + HCI) 
a 5 X I0"(l4*,\ and *(Na + HjOj) * 6.9 X 10". where approximately 0 6 of the reactions produce NaOH + OH, with 
the remainder forming NaO + HjO. 

Introduction case of sodium, the visible day and nightglow emissions from the 
Metallic elements volatilized during meteor entry into the mesosphere and lower thermosphere.1"5  Recently, it was suggested 

Earth's upper atmosphere play a significant role in the structure   
of the D and E regions of the ionosphere.'-2 and. at least in the (J) T L tmmn Clum Rn 7J MJ („7J) 

  (3) J. E. BUmom and T. M. Donahue. J. Gtophys Res., 6». 4093 (1964) 
(I) E. Murad, J. Gtophys. Res.. U. $525 (1978). (4) D. M Hunten. Space Sri Rev.. 6. 493 (1967). 

0022-3654/84/2088-3123S01.50/0   £> 1984 American Chemical Society 
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Figure 1. Schematic diagram of atmospheric sodium chemistry 

that sodium and other meteor metals may be important in 
stratospheric chemistry by affecting ozone reduction by the 
catalytic chlorine cycle.6"' 

The influx of meteor metals into the upper atmosphere has been 
estimated9 to be 3.5 X 10* kg yr"'. with a sodium abundance of 
2% leading to a calculated sodium flux of 1.2 X 104 atoms cm'2 

s"'. Other estimates of sodium flux run as high as 2 X 10* cm'2 

s"'.'° The flux of other metallic species such as Mg, Ca, Al, Si, 
and Fe will be as much as 10 times higher and speculative concerns 
about their influence on upper atmospheric homogeneous and 
heterogeneous chemistry have been published.1"2,7"1'0 

Unfortunately, all attempts to model the role of volatilized 
meteor metals (particularly sodium) in the mesosphere and 
stratosphere3"47*"" have suffered from an almost total lack of 
measured rate constants. All such models start with the oxidation 
of sodium or other metallic species in reaction with atmospheric 
0,02, or Oj. However, the only measured chemical rate constants 
currently available for any alkali meteor metal oxidation reactions 
are those for the three-body recombination reactions of alkali 
atoms (Na, K) with O,1*"" 

Na or K + 02 + M — NaOj or KOj+ M (I) 

(5) (a) V. W. J. H. Kirchhoff. B R. Clemesha. and D. M. Simonich. J 
Gtophys. Res., 84. 1323 (1979); (b) D. R. Bates and P. C. Ojna, Nature 
(London), ZW. 790(1980). 

(6) E. E. Ferguson, Gtophys. Res. Uli., 5. 1035 (1978) 
(7) E. Murad and W. Swider. Gtophys. Res. Uli.. 6. 929 (1979). 
(8) E. Murad, W. Swider. and S. W Benson. Nature (London), 299.273 

(1981). 
(9) E. S. Richter and C. F. Sechrist. Jr., J. Almos. and Terr. Phys., 41, 

S79 (1979); Gtophys. Res. Uli., 6. 183 (1979). 
(10) S. C. Liu and G. C. Reid. Gtophys. Rts. Uu., 6. 283 (1979). 
(11) (a) W. J. Baggaley. Naturt (London), 257, 567 (1975); (b) ibid., 297, 

376 (1977); (c) M. A. Hapgood. Md.. 286, 582 (1980) 
(12) V. W. J. H. Kirchhoff. B. R. Clemesha. and D M Simonich. J 

Gtophys. Rts., 86. 6892 (1981). 
(13) N. D. $te. M. K. W. Ko. W. Swider. and E Murad. Geophys Res 

Lett. 9. 1187(1982). 
(14) V. W. J. H. Kirchhoff. Geophys. Res. Uu. IC. 721 (1983). 
(15) L. Thomas. M C. Ishcrwood, and M R. Bowman, J. Almos. Terr. 

Phys., 45. 587(1983). 
(16) D. Husain and ). M. C Plane. J Chem. Soc.. Faraday Trans. 2.78. 

163.1175(1982) 
(17) A. J Hynes. M Steinberg, and K Schofield. / Chem Phys. 80 

2585(1984) 
(18) J. A. Silver. M S. Zahniser. A. C Stanton. and C E Koib, Symp. 

(/«.) Combust \Prt\-|. 20th. accepted for publication 

In fact, until 2 years ago, even this reaction was thought to be 
~ 1000 times slower1*"20 than the value found in the more recent 
measurements. 

From the recent modeling work7"810'IUI'H and comparison of 
these models with atmospheric measurements,1214"15 neutral so- 
dium is believed to be transformed via a series of chemical re- 
actions involving NaO and Na02 intermediates to NaOH. A 
survey of the relevant literature*"110,13 provides a fairly complete 
list of possible neutral sodium reactions of importance, and a 
simplified schematic diagram of these reactions is shown in Figure 
1. 

Neutral sodium appears in a range between 110- and 70-kn 
altitude. As shown in Figure 1, the main removal mechanisms 
are by reaction with 02 or 03, the latter used by Chapman23 to 
explain the Na nightglow. We have recently completed tem- 
perature-dependent measurements of the reaction rates with 0: 

in our laboratory which show that this reaction proceeds with a 
fast three-body rate constant of 1.9 X 10"30 cm6 s"1 with N2 as 
the third body at 300 K." This leads us to believe that most of 
the Na in the lower mesosphere is converted to Na02, since the 
three-body recombination rate with 02 exceeds even a gas kinetic 
two-body rate with 03 below 80 km. Since none of the remaining 
rates have ever been measured, the rest of the mechanism (as 
proposed by various models) is speculative. However, the dominant 
sodium species which leave the mesosphere and enter the stra- 
tosphere are probably NaOH and/or Na02. 

The fate of NaOH is very uncertain. Indeed, only in the past 
few years has NaOH been recognized as a major reaction product. 
Ferguson* suggested that it forms NaOH cluster ions of the form 
H*(NaOH),(H20),,„ which either may be rained out from the 
troposphere or removed in the s'ratospheric aerosol layer. In a 
recent paper by Murad et al.,' it was proposed that the reactions 
of metal hydroxides (and Superoxides) with chlorine compounds 
between 40 and 70 km may have an impact on the depletion of 
stratospheric ozone. In the case of sodium, the exothermic bi- 
molecular reactions 

NaOH + HCI — NaCI + H20 

A//°r*-133± l3kJmol-' 

NaOH + CIO — NaCI + H02 

A//0, «-63± ISkJmol"' 

NaOH + Cl — NaCI + OH 

1H9, - -67 d: 13 kJ mol"1 

(2) 

(3) 

(4) 

might be expected to proceed rapidly and act as a sink for Cl, 
given that NaCI can readily polymerize and condense via het- 
erogeneous nucleation.' Murad et al. calculated th't if &2 were 
~ 10" cm3 molecule"1 s"1. then the reaction of NaOH with HCI 
would be comparable to the major recognized Cl regeneration 
mechanism 

OH + HCI - Cl + H20 (5) 

While previously published studies have viewed NaCI as a potential 
sink for stratospheric chlorine,7"1 more recent analyses by Row- 

* land24 indicate that photolysis of NaCI may in fact release free 
Cl. Given the potentially large J values (photolysis rates) for this 
process,24 reactions 2-4 could effectively supplement reaction 5 
as a release mechanism for Cl from the inactive HCI stratospheric 
reservoir and thereby determine the extent to which ozone might 
be depleted by chlorine compounds in the stratosphere. However, 

(19) R. Carabetta and W E Kaskan. J. Phys. Chem.. 72. 2483 (1968) 
(20) M J. McEwan and L. F Phillips. Trans. Faraday Soc. 62. 717 

(1966) 
(21) C. E. Kolb and J. B  Elgin. Nature (London), 263, 488 (1976) 
(22) O M Simonien. B R Clemesha. and V. W J. H  Kirchhof!. J 

Geophys. Res.. 14. 1543 (1979) 
|23) S. Chapman. Astrophys J . 90. 309 (1939) 
(24) F S Rowland and P J. Rogers, Proc. Nail. lead. Set ISA. 7». 

2737(1982) 
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Figur« 2. Schematic view of the now tube 

to understand fully the role of alkali species in the atmosphere, 
ust also consider the effects of NaO: and NaOH photo- 

dissociation on these processes.IJ-35 

The purpose of this study is to provide a direct experimental 
rate measurement of the reaction NaOH + HCI — NaCI + H20, 
which serves as a starting point for understanding the stratospheric 
role of sodium and other meteor metals. Only by obtaining 
accurate, directly measured rate constants can we hope to un- 
derstand atmospheric metal chemistry, and, in particular, how 
this chemistry affects the ozone balance. 

Experimental Section 

Very little gas-phase research has been done on alkali hydroxides 
because they are difficult to vaporize,36 are extremely corrosive,31 

and readily dimerize in the gas phase.31 In addition, there are 
no established detection techniques sensitive enough to allow 
kinetic analyses of alkali hydroxide reactions. With this in mind 
we have taken an indirect approach for producing and detecting 
NaOH, i.e., chemical production of NaOH by the reaction of 
atomic sodium with hydrogen peroxide, and detection of NaOH 
by chemical conversion back to atomic sodium, which is then 
observed by laser-induced fluorescence. 

The measurements were performed in the Aerodyne high- 
temperature fast-flow reactor, which is fully described in ref 29 
and whose relevant features are illustrated in Figure 2. Briefly, 
a 7.26-cm-diameter, 120-cm-long alumina tube is used, fitted with 
Kanthal heater elements which can radiatively heat the tube over 
the temperature range 294-1500 K. Four perpendicular alumina 
side arms at the tube exit permit detection of flow species by a 
variety of optical techniques, including laser- or resonance 
lamp-excited fluorescence, infrared absorption (either broad band 
or high resolution), and observation of chemiluminescence Gas 
temperatures are obtained with chromel-alumel or shielded W-5% 
Re—W-26% Re thermocouples.10 Extensive calibrations indicate 
the temperature can be measured with an accuracy of ±10 K over 
the entire operating range of the reactor for flow Reynolds 
numbers below 500; for the current experiments they are typically 
below 50. The gas is pumped by a Kinncy KMBD 1602 me- 
chanical pump and Roots blower with an effective pumping speed 
of 450 L »*', The helium carrier gas is added at the entrance of 
the flow tube through mullite multichannel arrays which lami- 
narize the flow. These are ~2.5-cm upstream of the outlet of 

(25) F. S. Rowland and Y. Mikide. Ceophys. Res Uli. 9, 473 (19»;». 
(26) "JANAF Thermochemie«! Tables". The Dow Chemical Company 

Midland. Ml. I9T0. 
(27) N. Acquisia and S. Abramowiu. J Chem Phys. SI. 2911 (1969) 
(28) R. C. Schoonmaker and R. F Porter. J Chem. Phys.. 2», 454 (195»). 
(29) M E Gersh. J. A. Silver. M S. Zahniser. C. E. Kolb. R. G. Brown. 

C M. Go*ew»lu. S. KaUelis. and J. C. Wormhoudt. Rev Sei. lustrum. 52. 
1213(19(1) 

(30) A. Fontijn and W. Felder. J. Phvs. Chem.. W. 24 (1979) 

the reactant inlet tube and 78 cm from the detection region. This 
allows sufficient distance (18 cm) for the helium flow to mix with 
the reactants and develop a parabolic velocity profile before 
reaching the reaction zone. Gas volumetric flow rates arc de- 
termined with calibrated thermal conductivity type mass flow 
meters. Flow speeds can be varied from 4 to 100 m s A 
calibrated MKS Baratron Model 310-BSM10 capacitance ma- 
nometer (0.8$ accuracy) is used to measure pressure 

Alkali atoms arc generated by heating the sample in a 2.5- 
cm-diameter cylindrical monel oven to a temperature commen- 
surate with attaining a vapor pressure of that species of 10 * to 
10"4 torr within the oven. The oven is silver plated to resist alkali 
corrosion.31 The vapor is entrained in a flow of inert carrier gas 
and introduced into the flow tube through a 10-cm section of 
19-mm o.d. silver tubing. The sodium vapor is further diluted 
by the carrier gas in the main flow tube so that the sodium 
concentration within the reaction zone is always less than 10'° 
cm"3. For wall removal rate measurements the entire oven as- 
sembly may be placed downstream of the mullite arrays as a 
movable source. Since the oven is heated, it warms the main 
carrier gas flow slightly. Axial temperature surveys in the reaction 
region show that the final flow temperature profile is uniform at 
a value of 308 K. 

Sodium hydroxide is produced via the reaction 

Na + HA - NaOH + OH 

±H°, = -130 ± 13kJmo|-; <6) 

The H202 is added upstream of the rrullite arrays with the main 
carrier gas. An all glass and teflon inlet system is used to prevent 
decomposition of H:02 between its reservoir and the flow tube. 
Flow rates of H202 are determined by entraining the vapor in a 
measured helium flow at a known total reservoir pressure, where 

H2Oj flow s (/,H.o!/'
,toi.i)(He flow through system)  (7) 

The partial pressure of H202 at 25 °C is 2.0 torr. 
Detection of NaOH is accomplished by converting it back to 

atomic sodium in the detection region, where the sodium is 
measured by laser-induced fluorescence (LIF). This conversion 
is accomplished by injecting an excess of atomic hydrogen into 
the flow 2-cm upstream of the LIF detector. 

NaOH + H - Na + H,0 

A/7°, »-l54±13kJ mol"' (8) 

Na + h» — Na* — Na + h»      LIF detection      (9) 

The hydrogen atoms, produced by microwave discharge of pure 
molecular hydrogen, are introduced through a teflon-lined 6- 
mm-diameter tube. With the mean flow velocity of 1000 ems', 
the reaction time of hydrogen in the detector (/d) is 2 ms. The 
atomic hydrogen concentration is estimated to be 2 x I014 cm ]. 
by measuring the H; flow rate and assuming that 10" of the H2 

passing through the discharge dissociates,'1 with no recombina- 
tion13 or loss on the inlet lube walls." 

A Molcctron OLI4 nitrogen pumped dye laser is used for 
laser-induced fluorescence detection of Na. The laser-induced 
fluorescence data acquisition system and manipulation of data 
have been detailed elsewhere." However, it should be noted that 
fluorescence is usually averaged over 100 laser pulses, accounting 
for nonfiuorescent background signals and for pulse-to-pulsc 
fluctuations in laser intensity. The combined vignal-to-nois* ratio 
for these measurements generally exceeds 25. 

Purities of the chemicals used in these experiments are as 
follows: sodium metal. 99 95'? (Alfa): helium, 99.995* 
(Northeast Cryogenics): hydrogen, 99.995'Z (Air Products): ni- 
trogen. 99.998*3 (Northeast Cryogenics): and hydrogen chloride. 
99.99'? (Northeast Cryogenics).  Hydrogen peroxide, obtained 

(31) W E Jones. S D MacKmiht. and L Teng. Chem Net . 73. 407 
(H73) 

(32) D. *'. Trainor. O O. Ham. and F. Kaufman. J Chem /"An.. SI. 
4599(1973) 

(33) J A Silver and C E Kolb. J Phys Chem. U. 3:40 (1982) 
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TABLE I: Typical Experimental Conditions 

temp. K 
flow velocity, m s'1 

press., torr 
[Na], cm"' (initial) 
(HUOj]. cm"' 
[HCI], cm"' 
[H). cm"' 

308 
10.0 
2.0 
S10'° 
1.3 X 10" 
(1-4) X I0'J 

2 x 10" 

as a 90% (by weight) solution from FMC Corp., is purified by 
vacuum distillation. Titration with potassium permanganate 
indicates a resulting purity on the order of 99%. This corresponds 
to a purity in the vapor pha«-.- of ~93%, with the balance being 
water vapor. 

Rate measurements are made with one reactant in excess of 
the other (detected) reactant, thus ensuring pseudo-first-order 
kinetic conditions. Reaction times are varied by changing the 
injector position at fixed total flow velocity and pressure. Cor- 
rections for both axial and radial diffusion and wall removal are 
made with the procedure outlined by Brown.34 This method is 
based on a numerical solution of the equations describing diffusion 
and reaction in a flow tube. It assumes that Poiseuille flow exists 
and provides ranges for k, k, (wall removal), and 0 (diffusion 
coefficient) for which the solutions have been shown to be valid. 
Wall removal rates of the measured species are determined in 
separate experiments by varying the oven position. The observsd 
wall removal rate, as well as the reaction rate, is corrected for 
diffusion effects. Diffusion constants for alkali atoms and hy- 
droxides were obtained from wall removal measurements in the 
instance where the observed disappearance of the species is dif- 
fusion limited.'5 At 308 K. D(Na-He) - 0.50 atm cm2 s'< and 
£KNaOH-He) » 0.47 atm cm2 s"1. 

An important aspect of the data analysis is the ability to ensure 
that secondary' reactions have nc effect on the concentration of 
the species being monitored. This could dramatically affect the 
accuracy of the rate measurements. The effects of secondary 
reactions are determined by modeling the reactions occurring in 
the flow tube. This is done with the Aerodyne PACKAGE code.'6 

a kinetic modeling program which numerically integrates the 
differential rate equations for a specified set of reactions. 
Backward reaction rates determined from the JANAF thermo- 
chemical tables and the forward rates are included, to ensure that 
accuracy is maintained. 

Results 
Na + W,0: Reaction. The NaOH formation rate was measured 

by directly observing the disappearance of sodium, with H2Oj in 
known excess. The reaction has two exothermic product channels 

Na + H20, - NaOH + OH 
(6) AW», » -130 * 13 kJ mol" 

Na + HA - NaO + H;0 

AW,
r--l30±42kJmo|-' 

(6) 

so what is measured by monitoring Na disappearance is the total 
reaction rate. However, one can add excess CO (~ 2 x 10!5 cm''), 
which rapidly and quantitatively converts NaO to Na"N 

NaO + CO -> Na(!S) + CO, 
(10) 

Iff, - -2J9 ± 42 U mol"' 

NaO + CO - Na(JP) + CO: 

SH', -  -56 ± 42 kJ mol ' 
(10') 

(34) R L Brown. J Rti Sell But. Stand.. 13. I (197SI 
(35) J A Silver. manuscript in preparation 
(36) V. Youtcftan. M H. Weinberg, and R Haimes. *f»Ck*oe A 

Computer Program for Calculation of Partial Chemical Equilibrium/ Partial 
Finite Chemical Rate Controlled Competition of Multiphased Mixture» Under 
One Dimensional Steady Flo»". Aerodvne Research. Inc. Report No. 
ARIRRI7-J. Feb 19*0. 

(37) C P Fenimoreand J R Kebo./ Am Ckem Sm•.. 71. 5045 (l°50) 
(}*) R C Benson. C B Bargeron. and R F Walker. Chtm Pkvs Un . 

35. 161 tl*',5) 
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Figure 3. Pseudo-firsi-order decays for Sa + H20; reaction. The solid 
line is the total reaction rate, the dashed line is the rate for branching 
to NaOH only (CO added) 

Although the value for Jtl0 has not been measured, indirect es- 
timates from ref 37 imply kl0 > 10" cm3 molecule"' s !. The 
large amount of CO added is required to ensure that all of the 
NaO cycles back to Na on a time scale much shorter than the 
time required for reaction 6 to occur. 

A rate measurement with CO present results in the production 
rate for only the NaOH branch. The results of these measure- 
ments are shown in Figure 3. Experimental conditions are given 
in Table I. The rate constant for both channels is kt+<. ■ (6.9 
± 3.0) x 10" cm' molecule"' •*', and the fraction in the NaOH 
product channel is 0.61 ± 0.10. The major uncertainty in the rate 
constants kt and kt is the H:Oj concentration, which is not directly 
measured but is obtained as indicated earlier. 

An independent determination of the product branching ratio 
for reaction 6 is obtained by observing the hydroxyl radical via 
laser-induced fluorescence at 308.6 nm. When Na reacts with 
H;02, only the NaOH product channel produces OH. However, 
when excess HCI is added to the NaO and NaOH product 
mixture, additional OH is formed by the reaction 

NaO + HCI - NaCI + OH 
W, »-l34±42kJmo|-' (ID 

Thus a measurement of the amounts of OH produced before and 
after addition of HCI provides the relative amounts of NaOH and 
NaO originally formed from Na + H,02. The observed NaOH 
product fraction by this method is 0.60 ± 0.10. in excellent 
agreement with the value obtained from the rate measurements. 

SaOH + HCI Reaction. In the presence of excess ( O. ihe 
reaction of sodium with hydrogen peroxide produces only NaOH. 
With this reaction used as a source for NaOH. a series of rate 
measurements were made for the reaction of NaOH with HCI 
hirst-order decays were linear for more than a factor of 10 in 
fluorescence signal, with the HCI concentrations ranging from 
I x I0':to4x lO'-cm*'. The results of these experiments are 
shown in Figure 4, and the rate constant for this reaction is k: 
* (2.8 ± 0 9) X 10 "'cm' molecule"' *"'. The uncertain!) ex- 
pressed includes estimated precision errors it a 95*» confidence 
level, as well as estimated errors in accuracy. 
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Figur* 4. First-order reaction rates vs. [HCI] for the reactions of NaOH 
(NaO) -I- HCI: (O) without CO added; (V) with CO addei. 

Separate measurements were also made without adding CO. 
In this case NaO. in addition to NaOH. is present and reacts with 
HCI (reaction 11), complicating the analysis. Furthermore, the 
detection scheme, based on conversion to Na by addition of atomic 
hydrogen, would not appear to distinguish between NaO and 
NaOH. since Na atoms are also produced in the reaction 

NaO + H — Na + OH 

AW\ ■ -155 ± 42 kJ mol"1 (,2) 

Thus, without CO, the decrease in signal upon addition of HCI 
is due to both reactions 2 and 11. weighted by the branching ratio 
from reaction 6.6'. The results, however, show the same decay 
with and without added CO (see Figure 4), implying that both 
NaO and NaOH react with HCI at approximately the same rate. 
This observation is reasonable if one considers the hydroxyl group 
on NaOH to act as a quasi-atom in respect to its chemical behavior 
given identical exothermicities for both reactions. 

Separate OH measurements confirm that atomic hydrogen 
reacts with NaO as well as with pure NaOH. Although we could 
not measure the NaO + HCI rate constant directly, the observation 
that (I) OH is formed in the NaO + H reaction (proving the 
existence of NaO), (2) OH is also formed upon addition of HCI 
to NaO. and (3) the decay rates with added HCI are identical 
both with or without CO, imply that NaO reacts with HCI at 
approximately the same rate as NaOH with HCI. 

Detector Corrections and Modeling- Although the plots of In 
(signal) vs. reaction time are linear over the first order of mag- 
nitude decrease in signal, at longer times they flatten out at a value 
typically a few percent of the initial (zero reaction lime) signal 
(Figure 5). This effect can be attributed to an additional com- 
ponent to the Na signal from the reaction 

NaCI + H - Na + HCI       1H*, "-21*2 kJ mol ' tIJ) 

For the case with CO present, sodium formed in the detection 
region by addition of atomic hydrogen has two sources. NaOH 
and NaCI. the amount of each depending on the extent to which 
the NaOH + HCI — NaCI + H:0 reaction has gone to com- 
pletion The rate equation for the formation of sodium in the 
detector is 

d|Na|/d/ - A,|NaOII|4|H| + A,,{NaCiyH|     (14) 

1HW -1 r- —i 1 1       i       i  1 1 ■ 

- 
NaOH + HCI : 
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Figure 5. Typical decay of fluorescence signal vs. reaction time fur 
NaOH + HCI. showing contribution to total detected sodium ( —) from 
NaOH ( ) and NaCI <••••). Circles are experimental data 

where the d subscript indicates the concentration at the entrance 
to the detector zone. Integrating over the detector reaction time 
(rd), assuming excess hydrogen, we obtain 

|Na) ■ [NaOH)„(l - *-*•<«»'.) + (NaCl],,(l - r' W=)   (15) 

If no HCI is added, the observed LIF signal arises solely from 
NaOH. We have observed that this signal (after correcting for 
differences in diffusion and wall removal between Na and NaOH) 
is identical with that arising from only sodium (i.e.. without H:0: 

added). This means that, within the available detector reaction 
time, all of the NaOH is converted to sodium, with an estimated 
error of 20$. This sets a lower limit to &i(H)fd. Given fd ■ 2 
ms and |H| =» 2 x 10" cm', this requires that A. > 4 X 10 " 
cm'molecule"1 s1. The accuracy of tt is ±0.5 ms If less than 
107 of the H. is dissociated (it is unlikely to be higher under our 
operating conditions), then k, is faster than the stated limit. 

This value for k, is in reasonable agreement with a value of 
I x lO'T 2 (17 x 10" cm» molecule ' s ' at 300 K) which 
is used by Hynes et al.'' in fitting their flame data over a wide 
range of conditions, and also with 2 x 10 "«• '00' 11.4 x 10 " 
at 300 K). which is used in various atmospheric modelsl0 ■' The 
former value is claimed to be accurate to within a factor of two 
at flame temperatures, and the latter is only an estimate. We 
are planning to perform direct measurements of this reaction in 
the near future. 

Now if we measure the reaction rate of NaOH + HCI, at short 
reaction times the decay in signal is logarithmic because (NaOH)4 

> (NaCI)«. and only the first term in eq IS is significant At long 
reaction times, [NaCl]d > [NaOH)4 and the second term becomes 
dominant (Figure 5) If k,, ■ A,, we would never observe a decay 
in |Na] since both terms in eq 15 would always have the same 
sum. However, the fact that an initial decay is observed with a 
later leveling of signal shows that kn « A, and. from the relative 
value of the signal where it levels off, we can estimate k,y 

To determine in, we modeled this reaction system using the 
conditions in Table II and rate set in Table III. This rate set 
is more extensive than the above discussion implies because there 
could be secondary reactions between the excess H:0> and the 
sodium formed in the detector, as well as other minor OH, H. 

4-6 



3128   The Journal of Physical Chemistry, Vol. 88. No. 14. 1984 iKcr et al 

TABLE II: Initial Conditions *.<•** in Chemical Model 

temp. K 308 
flow velocity, m s"' 10.0 
press., torr 2.0 
[Na], cm"' (initial) 1010 

[H,0,]. cm"5 1.3 X 10" 
[HC1]. cm"» 1.93 x I0'2 

[H]„. cm"' 2 x 10"-l x 10" 
(H,]4. cm"J 10"-I0" 
[H20], cm"' 7 x 10" 
■„„. ms 0-25 
U. ms 0.5-4.0 

TABLE III: Reaction Rate Set I'sed for Modeling Na Chemistry" 

k. cm» 
reaction molecule"' s"1          ref 

6.9 (-11) b 
2.8 (-10) h 
I.0(-I0)-I.0(-I4) b 
1.0(-I0H 0<-14) b 
1.0 (-10) est 
1.6 (-12) 39 
1.0(-ll)r"250or 40 
2.96(-l2)^-|MT 41 
2.13 (-12)*-'400T 42 
2.76(-12)e-l400r 42 
7.7(-12)«'-:,00'r 40 
l.6(-IIV-,'wr 40 
8.0 (-11) 40 
3.2 (-11) 40 
1.4 (-11) 40 
9.4 (-13) 40 
8.0 (-11)*-**' 40 
18 (-12) 40 
6.6 (-13) 40 

Na + H.O, - NaOH + OH 
NaOH + HCI - NaCI + H,0 
NaOH + H - Na + HjO 
NaCI + H — Na + HCI 
Na + HO, — NaOH + O 
2HO, - H,0, + O, 
O + H.O, — OH + H02 

OH + H,0, — H20 + HO, 
H + H202 - H2 + HO. 
H + H202 — OH + H20 
H2 + OH — H + HjO 
H, + O - H + OH 
OH + HO, - H,0 + O, 
H + HO - 20H 
H + HO. - H. + 02 

H + HO, — H,0 + O 
O + HO. — O, + OH 
20H - Ö + H,0 
HCI + OH - H,0 + Cl 

'No three-body rates were used because the system is at low pres- 
sure. *This work. 

etc. reactions. This model also includes the undissociated hy- 
drogen, and the water impurity (~7$) in the H202. We sys- 
tematically varied k,, kti, [H], |H,0,J. and rd. The results show 
that all secondary reactions have little effect (<5?) on the cal- 
culated sodium densities and that the variations of Na with [H,0,j 
and [H;] are small, in reasonable agreement with additional 
experiments. The value for Ar u which best Tits the experimental 
data is (8 ± 3)/[H], which leads to value of /t„ in the range 1 
X 10~u to 5 X I0"|J cm1 molecule'1 s'1. with a best estimate of 
5 X I0'14 cm1 molecule"' s~', In light of the small exothermicity 
for this reaction, this value is not unreasonable. If the rate constant 
is expressed in the Arrhenius form. k ■ Ae""*7. this would 
correspond to only a 21 kJ mol"' barrier, even with a gas kinetic 
preexponential term. 

Discussion 
The reaction rate constant of HCI with NaOH is found to be 

in its gas kinetic limit. Given the large exothermicity. absence 
of obvious steric effects, and the fact that reactant and product 
states correlate on a singlet potential energy surface, one might 
not consider this surprising. On the other hand, the strong covalent 
HCI bond must be broken during the reaction with an efficiency 
approaching unity. One can calculate a rate constant for this 
reaction using simple close collision theory." This procedure 
assume» that the attractive portion of the intermolecular potential 
varies as C>"*. where Cdepends on the dipole moments and static 
polari/abilities of the reaetanis.44 and r is the intermolecular 

(39) S. P Sander. M Peterson. R. T Walton, and R Patrick. J »*>■». 
Chem   84 1^36 1198^1 

(40) D. LBaukh.R A Coi. P J Crutien. R F Hampton. Jr. J A 
Kerr. I. Trot, and R T Watson. J •»>*. them Kef Data. II. 327 (1982) 

(41) L. C Sridharan. B Reimann. and F Kaufman. J them Fhyi. 73, 
1286(19801 

(42) R F Hampton. IS Department of Transportation. Report No 
FAA-EE-8&I7. 1980 

l41) H S Johnston. "Gas Phase Reaction Rate Thcor>". Ronald Press. 
New York. 1966. Chapter 9 

distance. The total effective potential energy curve at large r is 
this attractive portion plus a centrifugal term which accounts lor 
orbital angular momentum. The rate of close collisions is identified 
as applying to collisions with total energy sufficient to surmount 
the orbital angular momentum barrier in this effective potential 
energy curve. If it is assumed that all close collisions react, and 
that there is no activation energy, the rate constant calculated 
for NaOH + HCI is 1.8 x 10'° cm' molecule ' s '. in good 
agreement with the measured value. 

Few gas-phase reactions of alkali molecules have been studied, 
none involving alkali hydroxides. The alkali-hydroxide bond is 
ionic in character, so that (OH) is a closed-shell species, not 
dissimilar to its isoelectronic and isobaric analogue. F Thus, 
in absence of data on NaOH, we can use available information 
on NaF and other alkali halides to try to understand the properties 
of the alkali hydroxides. There have been a number of molecular 
beam scattering measurements of alkali halides with other alkali 
halides or hydrogen halide molecules.45 As a class, they all imply 
the existence of a strong collision complex. In the case of C'sCI 
+ Kl -* Csl + KCI, the reaction proceeds without any activation 
energy (despite being four-centered) and has a large total cross 
section.4* This has been explained by the large ionic character 
of both species and by the fact that alkali halide dimers have large 
binding energies in the geometry of a cyclic planar rhomboid.4' 
This ion-pair intermediate formulation has also been invoked in 
describing the Bal, + HCI reaction.47 where, for large alkaline 
earths such as barium, we can treat Bal, as (Bal)4'I'. What we 
can draw from these comparative systems is that a gas kinetic 
rate constant without any activation barrier is a reasonable ex- 
pectation for this system. In the extrapolation of the measured 
rate data to lower temperatures characteristic of the stratosphere, 
one would not expect any great dependence on temperature for 
the reaction rate. 

The importance of reaction 2 in stratospheric ozone chemistry 
may be estimated by comparing the Cl regeneration rates from 
HCI via reaction with OH with regeneration rates from reaction 
with NaOH followed by photolysis of NaCI. Estimates of 
stratospheric NaCI photolysis rates by Rowland and Rogers24 are 
in the range from 10 : to 10"' sH. At 40 km, the meteoric sodium 
is partitioned among the species NaOH, NaO,. and NaO Es- 
timates of total stratospheric sodium concentrations by l.iu and 
Reed10 are on the order of 5 x 10' cm'. If all of the meteoric 
sodium were in the form of NaOH at 40 km, our measurement 
of k: would give a first-order rate constant for Cl formation of 
1.4 x 10 4 s '. providing that yNlC| is in the range estimated by 
Rowland and Rogers. This is a factor of ~20 faster than the 
first-order rate constant for Cl regeneration from OH + HCI of 
6 x 10 * s '. based on an OH concentration of 101 cm ' and the 
value A,(250 K) - 5.7 x 10" cm' molecule ' s-'.'» Although 
the partitioning of total sodium among NaOH. NaO. and NaO, 
requires a more detailed knowledge of rate constants for the 
processes shown in Figure I, this calculation demonstrates that, 
even if only 5*5f is in the form of NaOH. regeneration of Cl from 
HCI via alkali chemistry would be comparable to regeneration 
by the OH reaction. 

This simple computation leads us to two conclusions First, 
our results for this and the other alkali reactions described show 
that meteoric metal reactions may have a potentially significant 
impact on our understanding of chemistry in the mesosphere and 
upper stratosphere The large values of the sodium rate constants 
measured in this study err^hasi/e this possibility Secondly, it 
clearly motivates the need for further investigation of thi, chem- 

(44) J O Hinchficldcr. C F Curtiss. and R B Bird. 'Molctuhr Theurt 
of Gases and Liquid»'. Wiley. New York. 1964 

(45) R  R  Herrn in 'Alkali Halide Vapors". P Dauduvils .-.»J I)  I 
McFadden. Fd.. Academic Press. Ne» York. 1979. (turner 6, am! rvtrrcm.es 
therein 

(46) W B Miller. S A Sjlron. and II R llcrsthhach. J ( Arm fh.< 
5»  3581 11972) 

• 47) A Freedman. R Behrens. Jr T P Parr, and K K Hem. / «arm 
fhn.tS. 4719 (W76) 

(48) M S Zahniscr. I kaulnun and I \ndcrvn (hem fh.\ Lett 
27. 507(1974) 
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GAS-PHASE REACTION RATE OF SOpJUM SUPEROXIDE WITH HYDROCHLORIC ACID 

J.A. Sliver* and C.E. Kolb 
Center for Chemical and Environmental Physics 

Aerodyne Research, Inc. 
45 Manning Road 

Blllerica, MA 01821 

ABSTRACT 

Metal compounds originating from meteor ablation may be an additional 

mechanism for the release of free chlorine from HC1 in the stratosphere. For 

the alkali metals, and sodium in particular, catalytic chemical pathways have 

been postulated which describe these processes. A critical step In this 

mechanism Is the reaction of Na02 with HC1. We have measured the rate 

constant for this reaction In a fast-flow reactor at 295 K and find it to be 

(2.3 ±0.4) x 10"10 cm3 molecule"1 s"1. The implication of this result on 

stratospheric ozone chemistry is discussed. 

Present address: Southwest Sciences, Inc. 
1570 Pacheco St., Suite E-ll 
Santa Fe, NM 87501 
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INTRODUCTION 

In the past few years, a number of experimental rate constant 

measurements have been completed   which support the contention that alkali 

metals originating from meteor ablation may have a significant role in 

determining the extent to which ozone might be depleted by chlorine compounds 

in the upper stratosphere.    This would be accomplished by the sodium 

catalyzed release of free chlorine from the Inactive HC1 stratospheric 

reservoir at a rate comparable to the major recognized reaction 

HC1 + OH ♦ Cl + H20 (1) 

The chemistry of alkali metals in the lower thermosphere and upper 

stratosphere has been discussed elsewhere, »   and will only be 

highlighted here. Metals (in particular, sodium) volatilized during meteor 

entry into the earth's atmosphere are oxidized and enter the upper 

stratosphere as a mixture of Na02, NaO, and NaOH. The suggested catalytic 

cycle for release of free chlorine comes as a result of the reaction of these 

species with HC1, and their subsequent regeneration on a time scale comparable 

to that of reaction 1. 
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Na02 + HC1 ♦ NaCl + H02 (2) 

NaO + HC1 ♦ NaCl + OH (3) 

NaOH + HC1 ♦ NaCl + H2<> (4) 

NaCl + hv ♦ Na + Cl (5) 

Na + 02 " Na02 (6) 

Na02 + (0, OH, H,  etc)...  ♦ NaOH, NaO (7) 

Recent kinetic measurements on reactions 3, 4, and 6 indicate  that  these 

proceed rapidly.1"1*    Estimates of  the photolysis rates of NaCl,7 based on high 

temperature absorption cross section measurements,      are also relatively fast 

(10~2 - 10"3 s"1), so that the potential rate limiting step(s)  to this process 

is  the conversion of Na02 to NaCl, either directly through reaction 2, or 

indirectly via step 7 and reactions 3 and 4.    If the overall rate constant 

for Cl formation of either of these is comparable to that for reaction 1 

(ki*[0HJ * 10"    s" ),  then the presence of alkali metals may indeed Impact 

stratospheric ozone levels. 

The purpose of  this study is  to provide a measurement of the rate 

constant for the direct path,  i.e.,   the reaction of Na02 + HC1 ♦ NaCl + H02. 

The results of this measurement should help confirm whether or not meteor 

c-tals could play a significant role in stratospheric ozone chemistry. 
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EXPERIMENTAL SECTION 

The fast-flow reactor and experimental techniques used in these 

experiments have been fully described in previous papers.1»16    Briefly,   the 

flow reactor is a 7.26-cm-diameter,   120-cm-long alumina  tube with four 

perpendicular side arms at the tube exit which permit optical detection of the 

reactive species.    Helium carrier gas is added at the entrance of the flow 

tube through mullite multichannel arrays which laminarize the flow.    Gas 

volumetric flow rates are determined with calibrated thermal conductivity  type 

mass flow meters.    Flow rates of hydrogen chloride are determined by diverting 

the flow into a calibrated volume, and  then measuring  the rate of pressure 

increase.    A calibrated MKS Baratron Model 310-BSMO capacitance manometer 

(Q.8% accuracy)  is u«sed to measure pressure. 

Sodium atoms are generated by heating the sample in a 2.5-cm-diameter 

cylindrical raonel oven to a temperature commensurate with attaining a vapor 

pressure of that species of 10~6 to 10~** torr within the oven.    The oven is 

enclosed in a 4-cm-dlameter water-cooled sheath to prevent heating of  the main 

flow carrier gas.   The vapor is entrained in a flow of inert carrier gas and 

Introduced directly into the flow tube.    The sodium vapor is further diluted 

by the carrier gas in the main flow tube so that the sodium concentration 

within the reaction zone is always less than 10     cm" . 

Sodium Superoxide is produced via the termolecular reaction 

Na + 0? + M ♦ Na02 + M    , (6) 
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where M - He and k6(He> - 1.4 x NT30 cm6 s'1 at 295 K.2   Molecular oxygen 

("10      cm" )  Is added to the carrier gas in the flow tube and reacts rapidly 

under the conditions present (2.07   torr, 295 K),  so that conversion of Na  to 

Na(>2 is essentially complete before reaching the region where HC1 is injected 

into the flow. 

Detection of Na(>2 is accomplished by converting it back to atomic sodium 

in the detection region, where it is measured by resonance fluorescence.    This 

conversion is done by injecting an excess of atomic hydrogen into the flow 

2-cm upstream of  the detection volume. 

Na02 + H ■»• Na + H02 AHr - 39 ± 20 kj mol"1 *8) 

Na + hv -> Na* ♦ Na + hv (resonance fluorescense) (9) 

The hydrogen atoms, produced by microwave discharge of pure molecular 

hydrogen, are introduced through a 6-mm-dlametcr quartz tube, whose inner 

walls are coated with syrupy phosphoric acid.    With the mean flow velocity of 

920 cm s"1,  the reaction time of hydrogen in the detector (t<j)  is -2 ms. 

The atomic hydrogen concentration is estimated to be 2 x 10      cm"3,  by 

measuring the H2 flow rate and assuming that 10% of  the H2 passing through the 

discharge dissociates, with no recombination17 or loss on the inlet  tube 

walls.18 
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Resonance fluorescence is accomplished using a 25-Watt Spectroline sodium 

resonance lamp and    phase-sensitive detection techniques.    The data are    fed 

directly into an IBM/XT computer for processing.    Purities of  the chemicals 

used in these experiments are as follows:    sodium metal, 99.95% (Alfa); 

helium, 99.995% (Northeast Cryogenics);  oxygen 99.993% (Northeast Cryogenics); 

hydrogen, 99.995% (Air Products); and hydrogen chloride 99.99%  (Northeast 

Cryogenics). 

Rate measurements are made with [HCl] > [NaC^j,   thus ensuring 

pseudo-first-order kinetic conditions.    Reaction times were varied from 1  to 

15 ms by changing the injector position.    Data analysis and corrections for 

wall loss and diffusion effects were performed as described in our previous 

work on the reactions of NaO and NaOH with HCl1»19   The diffusion 

coefficient for Na02 in helium was estimated to be 0.3 cm2 s"1 at 1 atm,  but 

in fact,  the correction for diffusion was quite insensitive to this value 

(i.e.,  less  than one percent difference if 0.4 cm2 s~l was used). 

RESULTS 

Decay of Na02 for seven concentrations of HCl covering the range 1.02 - 

41.9 x 10u cm"3 are shown in Figure 1.   The first order decay rates obtained 

from the slopes of these lines and corrected for diffusion effects are plotted 

versus the corresponding HCl concentration in Figure 2.    A least-squares fit 

to the slope of this line, weighted by the uncertainties in each point, 

results in a value of  the rate constant for this reaction of (2.3 ±0.4) x 

10~10 cm3 molecule-1 s    .   The uncertainty expressed in this expression 
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Includes precision errors (one standard deviation), as well as estimated 

errors in accuracy. 

In previous measurements of  this  type,1 corrections  to  the data were 

required to account for the reaction of NaCl product with the atomic hydrogen 

titrant, 

NaCl + H + Na *■ HC1 (10) 

We had estimated  the rate constant for  this reaction as  "5 x 10'11**1 

cm   molecule"    s    .    In these experiments,   the decays were observed for 

reaction times varying between one and fifteen milliseconds, and under these 

conditions, reaction 10 has Insufficient time to proceed enough to require any 

data corrections. 

DISCUSSION 

Similar to NaO and NaOH, Na02 reacts with HC1 with a rate constant near 

Its gas kinetic limit.    Although the first two reactions are considerably 

exothermic (133 ± 13 U mole'1 and 134 ± 42 kJ mole'1, respectively),  the last 

is most probably barely exothermic by 19 t 21 kJ mole'1.    Since  the Na02 bond 

is strongly ionic,      one might explain Its reactivity with HC1 In a manner 

similar to that given for NaOH and NaO,1 for the alkaline earth dlhalides with 

Cl2 and HC1,21 and for cesium halides with Cl2 and IC1.22    In all of  these 

examples, large dlpole-dlpole and dlpole-Induced dlpole interactions provide 

strong long-range forces which lead  to the formation of an Ion-pair adduct, 

allowing a facile exchange reaction.    In this case the adduct would likely be 
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Na+(H00C1)~. Although the (H00C1)~ species has not been observed, It is 

analygous to the (H00H)~ ion, which has indirectly been shown to exist, 

although its exact structure is unknown.23 

Demonstration of a nearly gas kinetic reaction rate constant for NaÜ2 + 

HC1 supports the possibility that a sodium catalyzed Cl regeneration mechanism 

can be fast enough to compete with the OH + HC1 reaction in the upper 

stratosphere. Estimates of total stratospheric sodium concentrations by Liu 

and Reid2** are on the order of 5 x 105 cm'3. If most of the sodium is in the 

form of NaOH, Na02, or NaO, then the measured rate constants for reactions 2-4 

result in a first-order rate constant for Cl release of "1 x 10"** s"1, much 

larger than the 10~6 s"1 required for competition with reaction 1. Given the 

results of this work, and a recent study of room temperature NaCl photolysis 

rates,  the rate limiting step for the mechanism given by reactions 2-7 may 

be the photolysis of NaCl, so that it is probable that only "1-102 of the 

daytime molecular sodium is in the above molecular forms. Even at this level, 

this Cl release mechanism could be competitive with reaction 1. 

One must also consider both homogeneous and heterogeneous loss mechanisms 

for gas phase alkali, which are all poorly understood. Homogeneous losses 

9 £ 0 7 
could include NaCl polymerization  and ionizatlon/cluster formation,  while 

heterogeneous losses might include condensation onto small particulates28 or 

liquid droplets at lower altitudes. The degree of alkali loss at the present 

time is uncertain, but if only 10X of the stratospheric alkali is left 

unscavenged, then the catalytic release of free chlorine by ablated meteor 

metals could still be significant on the upper stratospheric ozone balance. 
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FIGURE CAPTIONS 

Figure 1.    Pseudo-first-order decays for Na(>2 + HCl reaction. 

[HCl] - 1.02  ( O ), 9.21   ( • ),  12.6  (D ),  17.0 ( ■ ), 20.9 ( A ), 

35.5 ( A ), 41.9 ( 0 );  units of 10n molecules cm"3 

Figure 2.    Dependence of corrected pseudo-first-order rate constant on HCl 

concentration at 295 K. 
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ABSOLUTE PHOTODISSOCIATION CROSS SECTIONS OF GAS-PHASE SODIUM 
CHLORIDE AT ROOM TEMPERATURE 

Joel A. Silver*, Douglas R. Worsnop, 
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ABSTRACT 

Absolute photodissociation cross sections for gas phase NaCl are measured 

over the wavelength range of 189.7 to 359.8 nm at 300 K. Two well-resolved 

peaks are observed at 235 nm and 260 nm. The cross section also rises below 

210 nm. These results are in good qualitative agreement with previous high 

temperature measurements and with cross sections computed from theoretically 

calculated potential surfaces. However, there are two significant 

differences, the width of the absorption peaks and to absolute magnitude of 

the cross sections. The importance of these measurements in understanding the 

photodissociative processes of ionic compounds and the implications for the 

role of NaCl in the stratospheric chemistry of chlorine compounds are 

discussed. 
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INTRODUCTION 

The study of  the optical spectra of gas phase alkali halides has a long 

and rich history,1 having been pursued in flames,2'3 furnaces,1* shock  tubes, 

and more recently,   in room temperature cells    and molecular beams.   » "       In 

conjunction with  these experimental studies,   the  theory of photodissoclation 

1    12    Ik of alkali halides has received considerable attention.   » 

Photodissociative processes for  these systems are often approximated as 

one-electron charge transfers between a ground ionic state and excited 

covalent state.    Measurement of  the spectrally-resolved cross sections and 

determination of  the relative probability of exciting parallel (0+ ♦ IT4*) and 

perpendicular (1 ♦    r**)   transitions lead  to information about the shapes of 

the excited state potentials.    Combined with product analysis, one can then 

learn how dissociation from  the 0+ excited states  is affected by  the degree of 

adiabatlc behavior in the exit channel when crossing the ionic  *£* potential 

curve. 

The measurement of photodissoclation cross section is also of Interest in 

understanding  the chemistry of alkali metals  in  the stratosphere.    It has been 

IS   17 
suggested "  that sodium and other metals introduced into the atmosphere by 

meteor ablation may play a role in affecting ozone reduction by the catalytic 

chlorine cycle. One possible reaction sequence which demonstrates this 

mechanism is: 

Na + 02+ M ♦ Na02 + M , (1) 

Na02 + HC1 ♦ NaCl ♦ H02 , and (2) 
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NaCl + hv + Na + Cl , (3) 

which leads  to the net reaction 

HC1 + 02 + hv * Cl +.H02 . (4) 

Rate constants for reactions 1 and 2 have been measured in our 

laboratory.18-       Combining  these results with photolysis rates based on  the 

high temperature absorption measurements (1123-1223 K) of Davidovits and 

Brodhead,1*»      leads  to the possibility  that this mechanism could be 

cöiüpätäble in magnitude to  the major stratospheric Cl regeneration mechanism, 

OH + HC1 * Cl + H20        . (5) 

The rate limiting step of the sodium catalyzed mechanism (reactions i-3) is 

reaction 3. Davidovits' absorption data Include contributions from 

vibrationally excited states and possibly dimers, which will not contribute to 

photolysis at stratospheric temperatures near 260 K. Clearly, low temperature 

photodlssociation cross section measurements are desirable. 

In this paper we report measurements of the absolute cross section for 

photodlssociation of NaCl at 300 K. Sodium chloride is produced by the gas 

phase reaction of atomic sodium with chlorine in a flow tube under dimer-free 

conditions and with over 8CZ of the NaCl in the ground vlbrational state. The 

approach taken in these experiments does not require the knowledge of the 

absolute NaCl number density In the photolysis region, but rather uses a ratio 

technique to quantify the cross sections. 
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EXPERIMENTAL 

Photodlssoclatlon Apparatus 

Sodium chloride is generated in a flow  tube by  the fast bimolecula-r 

reaction of atomic sodium with excess chlorine, 

Na + Cl2 ♦ NaCl + Cl.  (k - 6.7 x 10"10 cm3 molecule"1 s"1)        (6) 

Sodium atoms are generated by heating sodium metal in a 2-cm-diameter 

cylindrical stainless steel  oven  to "510 K which produces a vapor pressure 

of "2 x 10~3  torr within the oven.    The vapor is entrained in a flow of 

helium, and carried  through a heated 0.6-cm-diameter 40-cm-long stainless 

steel tube into the flow apparatus.    This heated tube is wrapped with 

-0.3-cm-thick zlrconia blanket insulation and enclosed in a water cooled 

jacket to prevent any heating of the main flow carrier gas.    The sodium vapor 

is diluted by the carrier gas in the main flow so that the sodium or sodium 

chloride concentration within the photolysis zone is always less  than 10 

cm" .    Chlorine is mixed with the main carrier flow and its reaction with 

sodium is complete within a few centimeters of  the sodium Inlet orifice. 

The flow apparatus is comprised of a small stainless steel  tube 9.7 cm in 

diameter and approximately 50 cm long, with four perpendicular side arms at 

6-5 

.«MMBMMMMMMMffjBMMa^lllMIMIltH    t l-^ ifmiMS ifuft,   "| ||-|    1i   I    -|     III  i I     



the detection zone which permit photodissociation and detection of  the flow 

species (Figure 1).    The main flow of helium carrier gas is added at the 

entrance of the flow tube and a small purge flow of helium is  introduced in 

each of  the side arms  to keep the optics clean.    Gas volumetric flow rates are 

determined with calibrated  thermal conductivity-type mass flow meters.    Flow 

rates of chlorine are determined by diverting the flow into a calibrated 

volume and measuring the rate of pressure increase.    A calibrated MKS Baratron 

capacitance manometer is used to measure pressure and a chromel-alumel 

thermocouple is used  to determine the gas temperature.    Experiments are 

performed with a flow velocity of 150 cm s"1 at a pressure of 2.1   torr. 

Relative concentrations of atomic sodium are measured using laser-induced 

fluorescence of  the 3s Sj/2 - 3s P3/2  transition at 589.9 ran.    The output 

of a nitrogen-pumped dye laser (Molectron DL14)  is  transmitted  to  the 

experiment by a fiber optic line and is focussed in the photolysis region to a 

diameter of 0.380 ± 0.005 cm.    Fluorescence is detected by a photomultlpller 

located perpendicular to the laser path as shown in Figure 1.    A 590 nm 

interference filter and optical baffles are used  to reject spurious light from 

entering the PMT.    A 1 cm diameter area of  the photolysis region is Imaged 

onto the phototube.    The data are collected using a fast preamplifier and a 

gated Integrator having a 60 ns acquisition gate width.    The relative laser 

power in each pulse is monitored by a fast photodlode and is  Integrated and 

held until both the laser power and fluorescence signals are read into an IBM 

PC/XT computer for analysis. 
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Sodium chloride is photodissociated with a Raman-shifted excimer laser. 

The excimer laser (Questek)  is equipped with unstable resonator optics and 

produces a beam with very low divergence.    It uses either ArF or KrF with 

output pulse energies of 100-250 mJ.    Its output is reflected by a 

dielectric-coated mirror into a Quanta Ray RS-1 Raman shifter.    Using D2, H2, 

or a mixture of  the two,  both Stokes and anti-Stokes shifted wavelengths 

of  the pump line are produced with pulse energies in  the range .0023-4.4 mJ. 

This UV beam is focussed Into  the cell coaxial  to the dye laser beam, with 

care  taken  to ensure  that the UV beam diameter is equal  to or slightly less 

than  that of the dye laser.    A BK-7 window (Fl  in Figure 1)  on the UV output 

side of  the cell (visible input side)  is used  to absorb the UV light so  that 

it cannot be refocussed into  the fiber optic or interfere with the visible 

power measurements.    A calibrated Seientech power meter is used to monitor the 

average UV power as it exits  the photolysis cell.    Corrections are made for 

transmittance of  the output window and spectral response of  the power monitor. 

Triggering of both lasers and  the  time delay between them (variable from 

0-10 ms in 10 ns Increments)  is controlled by a delay generator.    The excimer 

is  triggered at a frequency (30 Hz)   twice  that of  the dye laser,  so that any 

non-photodissociation related components of  the signal are subtracted from  the 

fluorescence of photodissociated sodium.    The data acquisition system performs 

both  these subtractions of background signals as well as normalization of  the 

fluorescence  to the power of each visible laser pulse.    It then averages  the 

corrected signals over a minimum of 100 pulses. 
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The purities of chemicals used in  the  these experiments are as follows: 

sodium metal, 99.9% (Alfa); helium, 99.995Z (Northeast Cryogenics); and 

chlorine, 99.52 (Northeast Cryogenics). 

Experimental Procedure and Data Analysis 

Photodissociation cross sections are measured using a probe-pump-probe 

approach.    The first step consists of measuring the atomic sodium 

concentration with no chlorine present,   [Na]0,  in the photolysis  region 

using  the visible dye laser.    Excess molecular chlorine is  then added at  the 

upstream end of the flow tube, quantitatively converting all of  the Na  to NaCl 

in a distance much shorter than the 17 cm path between the sodium oven outlet 

and  the photolysis region.    The NaCl  is  then photodissoci*ted with the UV 

laser and  the product sodium ([Na]p)  detected with the visible laser 

approximately 200 ns later.    This signal is related  to  the initial 

concentration of NaCl by 

[NaL 
[NaCl]" 1-«xPf-I^>°<A>) • <7> 

where I(X)  is  the ultraviolet laser photon fluence per pulse at wavelength X, 

and a(A)  is  the photodissociation cross section at this wavelength.    Because 

[NaCl]  - [Na]0, we rewrite equation 7, 

[NaL 
R-   j^f - l-exp[-I(A)o(A)] . (8) 
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Since the detection techniques for measuring atomic sodium before and 

after the photolysis are identical, the ratio of their absolute concentrations 

in equation 8, defined as R, is equivalent to the ratio of their observed 

fluorescence signals. As a result, only 1(A) need be measured absolutely. 

This determination of a(A) requires a few assumptions and 
* 

clarifications.    Since R depends exponentially on  the UV photon flux, 

nonuni-formities could introduce errors when using  the spacially-averaged value 

of 1(A).    This is avoided by keeping the UV beam intensity low enough so that 

R is always less  than 0.05.    Accordingly,   the exponential  term can be expanded 

and rewritten as 

•<»>-m> <9) 

In  this situation, R is linearly proportional to 1(A), and  the 

spatially-averaged value of R is  independent of any Intensity nonuniformitles. 

We confirmed  the linearity of  the cross section by measuring R as a function 

of laser Intensity for some of  the more intense UV lines.    A linear dependence 

of R on 1(A) was observed at lower intensities,  becoming nonlinear at  the 

highest intensities.    We always operated in  the linear regime.    The intensity 

profile of  the visible laser beam is kept uniform to avoid nonlinear!ties 

in R. 

The  time delay between lasers  is also critical.    It must be small enough 

so  that all of  the sodium formed by dissociation is detected before reacting 
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with the remaining Cl2.    To detect at least 98% of  this sodium, and with Cl2 

concentrations on the order of 0.4-1.0 x 10l3 cm3,  (large enough to react with 

Na in a distance much shorter than the distance from the oven  to  the 

photolysis region)  the laser delay should be less  than 3.0 us.    On this  time 

scale,  the recoiling of photodissoclated sodium will be  thermallzed.    Ve 

measured  the decrease in [Na]p as a function of delay time and observe a 

decay (T~100 US) commensurate with this secondary reaction with Cl2 and with 

diffusion out of  the detection region.    On the other hand,  it is desirable  to 

have some delay so as  to avoid any electronic interference or UV induced 

effects associated with the exclmer pulse.    Thus delays between 200 ns and 

2.0 us were used. 

The most significant correction to  the data arises in accounting for  the 

different diffuslvitles of Na and NaCl.    As mentioned above, Na emanating from 

the oven travels "17 cm before being detected.    When quantitatively 

converted  to NaCl (in 1-2 cm),  the NaCl  then travels ~15 cm before 

detection.    In our initial analysis above we have assumed  that [NaCl] - 

[Na]0 in the photolysis region.    However,   this  Is only approximately 

correct.    Although true at the end of  the narrow reaction zone,   these species' 

axial concentrations will decay at different rates due  to diffusion  to and 

sticking on the reactor walls.      A correction must  therefore be made for the 

differing diffuslvitles of Na and NaCl.    This is done according  to the methods 

outlined in reference 21, using a measured diffusion coefficient for atomic 

sodium of 0.48 cm    s      at 1 atm and 300 K, and an approximate value for NaCl 

of 0.40±0.05 cm2 s"1 at 1 atm.22   The underestimation of  [NaCl]   in  the 

photolysis region results in a reduction in R by a factor of 1.4±.4.    This 
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systematic error affects only the absolute magnitude of the photodissociation 

cross section curve as a function of wavelength, but not the relative shape of 

the curve. 

RESULTS 

Room  temperature photodissociation cross sections for gaseous NaCl were 

measured at 25 wavelengths  in the range 189.9-359.8 nm.    A plot of  the results 

is shown in Figure 2.    Error bars represent one standard deviation 

uncertainties in each point, excluding a systematic error of ±30% due  to the 

correction for diffusion.    This last uncertainty would have  the effect of 

uniformly shifting the curve up or down.    Table 1  lists  the averaged data 

taken at each wavelength and illustrates  the ability of  this  technique  to 

accurately measure very small cross sections.    Our results exhibit two 

distinct peaks and a rise  in a toward  the shortest wavelengths.    Ve do not 

observe any dissociation at energies below "100 kcal mole"1 (285 am), which 

is consistent with  the currently accepted value for the bond strength of 98±2 

kcal mole"1.9»23 

As seen in Figure 2,   the error bars for most points are less  than 20%, 

except (unfortunately) at the center of the large peak at 234 no.    This point 

and  the next two higher wavelength points were  taken using very weak 

Raman-shifted lines (the latter two being combinations of Stokes and 

anti-Stokes lines),      so  that  there is a greater uncertainty in  the absolute 

height of  this peak as compared with the longer wavelength peak.    For most 

points,   the source of  the error bars lies  in the absolute UV power measurement 

and not in  the determination of  the ratio of [Na]p/[Na]0. 
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Table 1 - Measured Photodissoclation Cross Sections for NaCl 

Wavelength Exciraer Raman-Shifted Number of Avg. Cross Section13 

(nm) Gas Linea Measurements (cm2) 

189.7 KrF AS3(H2) 2 6.12±1.44  (-18) 
193.4 ArF - 4 5.56+1.06  (-18) 
203.1 KrF AS3(D2) 1 1.48±1.40  (-18) 
205.3 ArF S!(D2) 1 9.06+1.48  (-19) 
205.9 KrF AS2(H2) 2 8.96±0.60  (-19) 
210.3 ArF S!(H2) 2 7.36±0.59  (-19) 
216.3 KrF AS2(D2) 1 1.51±0.67   (-18) 
218.7 ArF S2(D2) 2 4.6311.76  (-19) 
225.2 KrF AS^Hj) 4 1.4610.08  (-18) 
230.4 ArF S2(H2) 3 5.1210.40  (-18) 
231.2 KrF AS^Dj) 2 9.4710.80  (-18) 
234.0 ArF S3(D2) 2 1.3010.30  (-17) 
237.6 KrF Sl(H2)+AS2(D2)

c 2 6.3811.31   (-18) 
241.4 KrF AS1(H2)+S1(D2)C 2 6.7410.72  (-18) 
248.4 KrF - 7 1.2910.05  (-18) 
251.6 ArF S„(D2) 1 2.5U1.19  (-18) 
254.8 ArF S3(H2) 3 4.2410.41   (-18) 
260.2 KrF AS1(H2)+S2(D2)

C 1 4.3310.50  (-18) 
268.3 KrF S!(D2) 4 1.7410.23  (-18) 
277.0 KrF Si(B2) 6 4.0010.47   (-19) 
285.0 ArF MH2) 2 0      11.8    (-19) 
291.8 KrF S2(D2) 2 8      11        (-21) 
313.0 KrF S2(H2) 2 0      18        (-21) 
319.6 KrF S3(D2) 1 0      19        (-21) 
359.8 KrF S3(H2) 1 2.7  13.1    (-21) 

a Designation of Stokes or anti-Stokes line with gas used in the Raman-shift 
cell in parentheses. Gas cell pressures were 125 psig for H2 and 250 pslg 
for D2. 

b    Exponent in parentheses; error is one standard deviation uncertainty in 
precision. 

c   These are combination Raman-shift lines in a 25X H2:75Z D2 mixture at 250 
pslg  total pressure. 
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DISCUSSION 

The results presented in  this work are in qualitative agreement with the 

earlier work of Davidovits and Brodhead.1*    However,   there are  two significant 

differences:     the resolution of  the absorption peaks and  the absolute 

magnitude of  the cross sections.    Gaseous alkali halides in the earlier work 

were produced in a heated reservoir and effused into a slightly warmer quartz 

absorption cell.    For NaCl,  cell temperatures were in the range of 

1123-1223 K.    At these  temperatures,   the first five vibrational levels account 

for over 90% of  the population.    One might expect broad absorption features 

since each excited vibrational state will dissociate over a different range of 

energies  than for the ground vibrational state.    In this work, NaCl 

is equilibrated with the flow carrier gas at 300 K,  primarily populating only 

the ground and first excited vibrational states (83% and 14%,  respectively), 

so that narrower peaks are not surprising. 

The absolute magnitudes of  the integrated cross sections for the data 

above 220 nm (see following discussior)  calculated from  the  two sets of data 

pose a greater problem in that they differ by a factor of six.    The quoted 

error bars on both experiments do not account for this discrepancy and one 

suspects  that either or both experiments contain systematic errors.    One 

possible explanation is  the presence of NaCl dlmers In  the high temperature 

experiments.    Davidovits and Brodhead determined  their absorption cross 

sections assuming that NaCl monomer,  calculated from tabulated vapor pressure 

curves, was  the sole absorber in their cell.    They also estimated  the fraction 

of (NaCl)2  in  their experiments  to be 40%-60%.    If  these absorbed light  to 
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form either Na + NaCl2 or 2NaCl, the overall number density of absorbers would 

be larger and the reported cross section values lower. 

No dlmers are present in our experiments. Sodium chloride is formed by 

chemical reaction in a flowing carrier gas and there are insufficient 

collisions for dimerlzation to occur via termolecular recombination. Lamb and 

Benson2 have calculated the rate constant for 

2NaCl + M ♦ (NaCl)2+ M (10) 

to be k - 10~28*5 cm6 molecule'2 at 230 K.    Assuming this value  to be 

approximately  the same at 300 K,  less  than .002 of  the nascent NaCl dimerizes 

over the path between where it is formed and the photolysis volume. 

Absorption in the ultraviolet has been observed for dlmeric species such 

as (N0>2 end (N20>2* These absorptions occur in the same spectral region 

as absorptions of the monomer and, at least in the case for (NO)2» exhibits a 

large oscillator strength.26   This suggests that it is possible for even a 

weakly bound dimer to exhibit a strong UV absorption cross section.    On the 

other hand, Su and Rlley did not observe any anomalous features In their 

time-of-flight recoil distributions of alkali halldes,  photodlssoclated at 266 

nm, which suggest the presence of dlmers.7"9     Oppenhelmer and Berry did not 

observe eny feetures attributable  to dlmers for matrix isolation measurements 

of L1I, NaBr, and Nal, where dlmers would be expected  to be present.29   For 

NaCl, KI, RbBr, and LiBr, no absorption bands attributable  to any species were 

observed. 
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The only other comparable alkali halide cross section measurement at room 

temperature is  that for Csl by Grossman et al.      The results are consistent 

with our measurements for NaCl.    The spectral width for  this  l-'r* transition 

(in Hund's case c notation)  is narrower and  the integrated cross section is a 

factor of  two smaller than  that reported by Davidovits and Brodhead.1* 

Furthermore,  cesium iodide dimers are not expected  to be present in either 

experiment. 

Cross Section Calculations 

The ionic ground electronic state for the lighter alkali haiides is 

designated X1rf(Hund's case a), and correlates  to separated M"1" + X~ ions. 

Excited molecular states correlating with neutral atoms M + X are covaT--nt, 

and for Na(2S) + Cl(2Pj), are represented by Hund's case c angular momentum 

coupling as n - 0+,0-,l, and 2.1»30    Only O**1!* (parallel) and 1*1E* 

(perpendicular)   transitions are allowed.    The potential curve for the ground 

electronic state of  these molecules is fairly well represented by a modified 

Rlttner potential,  reproducing experimentally measured c'ssoclation energies 

and enharmonic constants with reasonable accuracy (see Figure 3).31 

The first few electronic excited state potentials are not well 

characterized. They are thought to be either repulsive or only slightly 

bound.1**4 Zelri and Balint-Kurti11* have calculated the ground and first 

four excited electronic state potentials and associated transition dipole 

moments fT ü gtoup of alkali haiides using a aemi-emperical valence-bond 

method, while excluding the effects of spin-orbit coupling. Uithln the 

framework of  this Hund's case a approach,   they find  that the excited states 
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are all fairly repulsive (see Figure 3) and  that use of  the Franck-Condon 

approximation is invalid here as  the transition dipole moments vary 

considerably with internuclear separation,  r.    Their excited state curves are 

labelled in lJT*" (parallel) and ln (perpendicular) notation. 

In order to gain a clearer understanding of our results,  we have 

calculated NaCl absorption cross section curves over the wavelength range 

180-300 nm for comparison with our experimet-ral data.    We use  the reflection 

approximation      in which the electronic transition moment is calculated using 

a harmonic oscillator wavefunction for the ground electronic state, a 

6-function for the upper repulsive state wavefunction, and Zelri's  transition 

dipole moments at each value of r.    At 300 K,  only v-0 and v-1 are sampled,  so 

that the harmonic oscillator potential accurately represents  the Rittner form 

(see Insert in Figure 3).    Small corrections for the displacement of higher 

vibrational levels from the equilibrium internuclear separation re, and for 

the effect of thermally-averaged rotational populations on  the absorption 

wavelengths were also included ln this calculation. 

Figure 4 compares  the calculated and experimental data.    In all cases, 

the total Integrated cross section for the sum of the A-X and B-X  transitions 

for calculated curves have been normalized  to that of  the experimental 

curves.    The dotted curve in Figure 4a shows absorption curve at 300 K 

calculated from  the potentials of Zleri and Ballnt-Kurti.l>*   This curve, which 

does not match the experimental data (represented by the solid curve),   Is 

shifted  to ouch shorter wavelengths and exhibits one broad peak.    Transitions 

to both the A 1n and B1^ states lie under  this peak.    Excitations  to higher 

states lie further into the ultraviolet. 
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To better reproduce our experimental results, we varied  the energies 

and shapes of  the A1n,B1rf, C1!!, and D1! states in a narrow region of ±0.25 A 

about re- 2.36 A.    This range corresponds  to the values of x over which the 

square of  the lowest five vibratlonal wavefunctions are  Important.    For v - 0 

and v - 1,  only the region ±.10 A about re contributes  to a, and  the best 

fit to our data only senses  this range of r.    The results of  this fit to our 

data are shown as  the dashed curve in Figure 4a and results from lowering all 

four curves and flattening  the A and B states in the region about re (Figure 

3).    These new curves are reasonable in light of  the approximations made by 

Zelri and Balint-Kurti.lh   They state  that no valence-bond structures 

corresponding  to Rydberg states were Included in their calculations,  and  the 

inclusion of  these states would have made their calculated repulsive curves 

less repulsive. 

The peaks at 235 nm and 260 nm in Figure 4a represent the B-X (parallel) 

and A-X (perpendicular)   transitions,  respectively.    At wavelengths shorter 

than 220 nm,   the OX (and D-X)   transition causes  the cross section to rise, as 

observed in the data.    We do not observe  the peak absorption for  this 

transition,  so the shape and position of  the C1n data la less well determined 

than the A or B states.    Nevertheless,   the fact that  this rise Is seen at all 

near 200 nm strongly suggests  that the Cln state is bound,  lying at energies 

which are equal  to or slightly lower  than  the energy of  Its dissociation 

products, Na(2P) + Cl(2Pj).    This has been observed for this state in other 

alkali halides.2 
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The relative heights of  the calculated peaks at room temperature agree 

qualitatively with the experimental data (normalized  to  total integrated cross 

section),  suggesting that Zeiri's transition dipole moment calculations are 

approximately correct.    Su and Riley measured the ratio of  the parallel  to 

total transition moments at 266 nm for a series of alkali halldes using a 

molecular beam recoil velocity technique.7"9   They find  that the amount of 

parallel character drops from about 602 for the iodides  to less  than 30Z for 

alkali chlorides.    This ratio for NaCl was determined  to be 0.16±0.02.9   At 

the  temperature of  their source (1189 K), we calculate a ratio of 0.28. 

Using the potentials which were fit to our room temperature data, we 

computed  the absorption spectrum at 1123 K for comparison with  the experiments 

of Davldovits and Brodhead.1*    Despite the limitations of  the calculation (and 

uncertainties in extending them to high temperatures), we see in Figure 4b 

that the agreement is remarkably good.    The higher degree of structure in our 

calculations  than were observed by Davldovits can be explained as arising from 

regions of r outside of r€±.10 A,  so that small changes  in the shapes of  the 

potentials  there would shift  the absorption wavelengths and peak shapes for 

the excited vibrational states.    Slightly steeper curves for r<2.2 A would 

tend  to broaden the absorption peaks for  the higher vlbrational states and 

lead to a smoother overall absorption curve. 

In comparing the calculated ratio of  the parallel  to perpendicular 

transition probabilities  to those observed by Davldovits and Brodhead,1* Su and 

Riley,9 and ourselves,   this ratio is systematically high.    This suggests  that 
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the B-X dipole transition moments of Zieri and Ballnt-Kurti11* are too large 

relative to those of the A-X transition. 

In conclusion, photodlssoclation cross section measurements of NaCl at 

300 K have resolved the A-X and B-X electronic transitions. From these 

spectra, more accurate potential curves for the A II and BE* electronic states 

have been derived in the region about the equilibrium intemuclear distance of 

the NaCl ground state. The shape of the photodlssoclation spectrum is 

consistent with the photoabsorption spectrum of Davidovits and Brodhead,1* 

measured at 1123 K. However, the absolute magnitude of the Integrated cross 

section In this work is about six times smaller than that of Davidovits. The 

most likely explanation is that the presence of dlmers in the high temperature 

studies contributed to the observed absorption. 

Stratospheric Photolysis of NaCl 

The photolysis of NaCl is crucial in determining the extent to which 

alkali metals of meteoric origin affect the ozone balance in the upper 

stratosphere.     Convoluting the measured total solar flux at 40 km 

(including albedo and scattering)  over our measured cross sections between 

180 and 300 nm, we obtain a total photolysis rate J of 1.9±0.8 x 10""* a"1. 

Based on our calculations for cross sections, the curve at stratospheric 

temperatures ("260 K) is nearly the same as our 300 K results. This number 

is a factor of ten smaller than that estimated by Rowland and Rogers1 using 

the high temperature data of Davidovits and Brodhead.1* The difference is due 

to two factors. First, the solar flux has a local minimum near 250 nm and 

falls off rapidly below 200 nm, offsetting much of the contributions of our 
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peaks near 190, and 235 nm (Figure 5). Second, the rapid rise :n ehe solar 

flux above 270 nm overemphasizes excited vibrational state contributions to 

the cross section, which are absent at 40 km altitude (260 K). 

Using J ■ 1.9 x 10"4* s  and the measured rate constants for reactions 

1 - 3,18"20 the rate at which free chlorine is released from HC1 at 40 km is 

-Kr" s  , where the photolysis of NaCl is the rate limiting step. This 

calculation assumes a total gas phase alkali concentration of 5 x 105 cm"*3.31* 

For comparison, the release rate of Cl for HC1 by OH (i.e. k5 • (OH]) is 

b.7 x 10"6 s"1 , based on an OH concentration of 107 cm"3 and the value 

k5 (260 K) « 6.7 x 10~
13 cm3 s"1.35 Thus we conclude that, depending on the 

altitude at which heterogeneous and homogenous removal processes of 

atmospheric alkali compounds dominate gas phase chemistry, meteoric alkali 

chemistry could be an additional and important source of free chlorine in the 

upper stratosphere. We are presently investigating the magnitudes of 

processes through which atmospheric alkali compounds might be removed from the 

gas phase. 
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FIGURE CAPTIONS 

1. Schematic of the experimental apparatus for photodissociatlon of NaCl. 

Components are identified as follows:    M ■ mirror; Al, A2, and A3 ■ 

apertures; Fl - BK-7 window acting as a UV absorbing filter; F2 - 590 nm 

Interference filter; LI and L2 ■ lenses; B ■ Quartz slide acting as a 

beamsplitter; D ■ fast UV photodiode detector. 

2. Plot of experimental data versus wavelength of photodissociatlon cross 

sections for NaCl at 300 K.    Error bars represent one standard 

deviation.    A dashed curve is drawn  through the points  to highlight  the 

shape of the data. 

3. Potential curves used in the calculation of NaCl photodissociatlon cross 

sections.    Dashed lines are the calculated curves of Zelri and 

Balint-Kurtl.11*    Solid lines (for A!n, B1!* and C1!!) are derived as 

discussed in the text.   The insert shows the lowest part of  the X1^ 

potential, and illustrates how the harmonic oscillator approximation 

(solid curve) compares with the Rlttner potential (dashed curve)31 for 

the lower vlbrational levels. 

4. Plots of experimental data versus calculated cross section curves,    a) 

300 K data using representative experimental curve from Figure 1.    b) 

1123 K data of Davidovlts and Brodhead.1*   The computed curves have been 

normalized to have equal  total integrated cross sections above 220 nm 

(sum of the A-X and B-X transitions). 

5. Plot of  the calculated photolysis rate of NaCl as a function of 

wavelength at 40 km altitude. 
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7. RATE CONSTANT FOR THE REACTION OF NaOH WITH C02 

7,1 Introduction 

In addition to the chemical oxidation reactions of sodium involving 

oxyhydrogenlc species, Murad et al.1 suggested that reactions with C02 might 

also be Important in both the mesosphere and upper stratosphere. At higher 

altitudes, the reaction 

NaOH + C02 + M ♦ NaHC03 + M (1) 

may serve as an additional sink for sodium. With C02 abundances of >10 cm 

at 100 km and increasing at lower altitudes, this reaction could control the 

fate of Na even if k1 were small. Near 40 km, the reaction 

NaHCOj + HC1 ♦ NaCl + H2C»3 (2) 

might augment or supplant the NaO, Na02, and NaOH reactions with HC1 as 

sources for NaCl is the catalytic Cl release mechanism. 

The goal of this task was to measure a room temperature rate constant for 

reaction 1 at a pressure of a few torr to estimate the importance of C02 In 

the chemistry of atmospheric sodium. Detection of NaOH in these experiments 

was to be accomplished using infrared diode laser absorption of the vj 

transition (Na-OH stretch vibratlonal mode). Within the constraints of time 

and resources allocated for this task, we were unable to locate the vl  mode 

and were therefore unable to perform the rate measurements. A brief 

description of the steps taken in performing these measurements follows. 
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7.2    Formation of Gas Phase Sodium Hydroxide 

Gas phase sodium hydroxide Is produced at room temperature In a 

conventional flow tube by two different reaction sequences.    The direct method 

Involves  the addition of hydrogen peroxide  to atomic sodium, 

Na + H202 ♦ NaOH + OH (3a) 

♦ NaO   + H20 (3b) 

This reaction has been studied previously2 and it has been shown  that 

k3a/k3a+k3jj ■ 0.6.    This ratio can be raised  to unity upon  the addition 

of excess GO, which reacts only with sodium monoxide and creates a chain 

reaction sequence resulting in the eventual conversion of all of the sodium to 

NaOH: 

NaO + CO ♦ Na + CO (4) 

The second NaOH production method is a two-step conversion of atomic 

sodium using N20 and H2: 

Na + N20 ♦ NaO + N2 (5) 

NaO + H2 ♦ NaOH •► H (6a) 

* Na + H20 (6b) 

In excess N20 and H2,  reactions 5 and 6 cycle until NaOH  is  the sole product. 

The value of k$ ■ 8 x 10        cm     molecule"    s     was measured by us and is 

discussed in Section 3 of this report.    Ager and Howard report the 
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k5a - 2.6 x 10"
ll cm3 molecule'1 s"1 and k^" 1  x 10"ll cm3 molecule"1 

s"1.3 

In all cases atomic sodium concentrations were monitored using laser 

induced fluorescence. Although this method does not produce a signal linear 

to the sodium concentration at values of [Na] > 1011 cm"3, it can be used to 

show when all of the Na has been chemically removed (our sensitivity to sodium 

in these experiments is estimated at 107 cm"3). Absolute determination of the 

sodium concentration in our detection zone was accomplished by titration with 

known amount.« of &2. In these experiments, [Na] was varied from ~1012 - 

3 x 101** atoms an3. Although we did not detect NaOH directly, we still 

believe that it was produced in concentrations equivalent to the [Na] in the 

system. Besides observing the loss of Na upon addition of H202 or N20, we 

also could observe, for the first NaOH production method, changes in infrared 

H202 absorptions which approximately correspond to the magnitude of the Na 

concentration changes. Furthermore, past experience has shown that upon 

addition of H202 to Na, OH appears (seen via laser Induced fluorescence), 

presumably as the product of reaction 3a. 

7.3 Detection of NaOH 

The methods and techniques for measuring infrared absorption of gaseous 

species with tunable diode lasers has been well described elsewhere.*4"5 This 

method was chosen for the detection of NaOH since it is expected to be fairly 

sensitive, given the expected large dlpole moments of alkali compounds.6"8 No 

viable visible or ultraviolet optical detection techniques have been 

demons tra ted. 

The infrared absorption spectrum of NaOH is not well known. Sodium 

hydroxide is a linear molecule,9"10 and has three infrared active vibrational 

modes - a low frequency bend, an Na-OH stretch, and an 0-H stretch. 

Observation of the latter two modes of NaOH or polymeric forms of NaOH have 

been reported. Splnar and Margrave11 heated powdered NaOH in an absorption 

cell to 850 - 1000 degrees (Celsius?) and using a broadband source of light, 
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observed a feature centered at 437 ± 10 cm"1, which they attributed to 

[NaOH]x. Acquista and Abramowitz10 made broadband absorption measurements 

of NaOH and NaOD on an argon matrix and reported seeing a number of bands 

between 200 and 600 cm'1. Their source of NaOH was a Rnudsen cell with a 

double boiler arrangement which they felt could help distinguish between 

monomer and polymer bands by changing the oven temperatures. Large isomer 

shifts led to the assignment of 337 ± 1 cm*"1 as the v2 mode. Certain changes 

in intensity of the 431 ± 1 cm~l band relative to the other bands led them to 

tentatively assign this feature to the Vj band of NaOH. However, they 

observed but did not assign strong absorptions at 400, 360, 285, and 273 

cm" . Although the assignments for vj in these two experiments agree fairly 

well, it must be noted that the frequencies obtained in matrix isolation 

studies are lower than the corresponding frequencies found in the gas phase.12 

In fact, alkali metal compounds may exhibit the largest differences. The 

alkali halldes show gas phase frequencies which are 6-9% higher than the 

corresponding argon matrix value. If one models the OH ligand as a fluorine 

atom, then we might expect a frequency shift similar to that of NaF, i.e. 72, 

or an expected value of "460 cm"1 based on the assignment of Acquista and 

Abramowitz.10 

Another approach for estimating the location of vj is to compare the gas 

phase V} frequencies of other alkali hydroxides and fluorides. For Rb, the 

difference Is 7 cm"1 and for K, 15 cm"1.11"13  For NaF vx  - 529.2 cm"
1,13 so 

that one might expect a band center in the 480 - 500 cm"1 region. 

Finally, theoretical calculations for NaOH have been performed by Long, 

et al.,9 using a 6-21G basis with MP3 and CID electronic correlation. The 

frequencies determined were v3 - 3628 cm'
1 in agreement with predictions of 

Kuijpers et al.,11* v2 - 322 cm'
1 in good agreement with Acquista and 

Abramowitz10 (although one might have expected a gas phase prediction somewhat 

higher than the matrix measurement), and v1 • 710 cm"
1. This last prediction 

appears high. However, It is unclear from the experiments10"11 whether or not 

any unassigned absorptions were seen in this spectral region. 
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7.4    Results 

Using second-derivative    techniques,  infrared absorption spectra were 

taken at 376, 378, 407.5, 424, 448, 477 and 497 cm"1.    Each scan covered a 

range of at least twice  that of the NaOH rotational constant,  in order to 

assure the observation of a rotational line.    All measurements were performed 

using the same diode laser, and detection of the laser beam was made using a 

liquid nitrogen-cooled Hg:Cd:Te detector which was selected for peak response 

near 25 um.    A typical spectrum is shown in Figure 7.1.    In most of  the data, 

etalons within the White cell limited the measurable fractional absorption 

limit to about 1%.    At the lowest frequencies, both laser power and detector 

response drop, so that the detection limit was only a few percent absorption. 

Even with these poor sensitivities, with estimated concentrations of NaOH 

greater than 1013 cm"*3, we would expect6"9 fractional absorptions greater than 

one percent and in most of the cases studied greater than ten percent. 

No absorption feature attributable to NaOH was observed at any of the 

frequencies studied.    The diode/detection system was working, as evidenced by 

observation of H202 absorptions as well as known absorptions of CS2, which was 

added to the flow for wavelength calibration purposes. 

In order to assure ourselves that the IR diode absorption system could 

detect alkali species, we looked for absorption lines of KF, made by reacting 

K with excess F2.    Its vlbrational spectrum (actually the first overtone 

spectrum)  has been measured with a diode laser,15 so that the band center is 

accurately known.    The rotational lines were observed at approximately 407.8, 

430, and 431.4 cm"1.    Based on  the measured concentration of potassium and  the 

observed amount of absorption, we conclude that if rotational lines of NaOH 

are  to be seen with the present system,  they will appear using more intense 

las^r modes, due to the problems of large Internal elatons and system noise. 

A more thorough search using a number of diodes (to assure complete wavelength 

coverage at reasonable intensity) should be able to detect NaOH at levels 

useable for simple kinetic measurements. 
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The lack of an observed NaOH absorption feature leads us to the 

conclusion that the previously detected bands near 430-440 cm-1 do not belong 

to monomeric NaOH or that we happened to look exactly at band center, where 

the spacing between the P(l) and R(0) lines would exceed the spectral range of 

the scan at that diode frequency. It is clear that this problem needs further 

Investigation. 
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Figure 7.1 Typical Second-Derivative Absorption Spectrum for 
Na+HjOj. Upper curve is with both reactants present. 
Lower curve is with the sodium oven turned off. 
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8. DISCUSSION AND SUMMARY RESULTS 

From the work presented In the preceding sections, it is clear that a 

great deal of progress has been made in the past five years in both 

recognizing and then understanding the role which sodium compounds of meteoric 

origin play in atmospheric chemistry. A list of the reactions of sodium 

compounds rate constants measured during this period is shown in Table 8-1. 

We now believe that the observed mesospherlc atomic sodium profile can be 

explained, and its diurnal and seasonal variations understood.     A 

schematic diagram which illustrates the evolution of sodium from the iime it 

enters the lower thermosphere to its removal from the stratosphere is shown in 

Figure 8.1. 

We see that as the ablated sodium metal in its neutral form descends 

below "100 km, it begins to react with ozone and molecular oxygen. The 

latter reaction dominates below 85 km as the 02 concentration and total 

atmospheric pressure Increase. Sodium monoxide reacts at these altitudes with 

atomic oxygen to produce electronically excited sodium atoms, which emit the 

familiar D-line radiation at 590 and 596 nm. 

As atomic sodium disappears below 80 km, it is converted through the 

above mechanisms to NaO and Na02. The NaO rapidly reacts with any traces of 

water vapor to produce NaOH. At these altitudes, photolysis will recycle 

these species to atomic sodium, resulting in a steady state mixture of mostly 

Na02 and NaOH, with little NaO and virtually no atomic sodium. The question 

of which of the first two compounds dominates will depend on how rapidly Na02 

is converted to NaO (see Figure 8.1) relative to its photodlssoclation rate. 

These reaction rate constants and photolysis rates have not yet been measured. 

Once the alkali end products of the mesospherlc chemistry reach the upper 

stratosphere, reactions with chlorinated compounds, most notably HC1, become 

important. Photolysis of NaCl will cause atomic chlorine to be released, 
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Table 8-1 Recent Experimental Rate Constants of Gas-Phase Sodium Compounds 

Reaction T(K) k(cm3 molecule"1 s"1) Reference * 

Ma + 02 ♦ M ♦ Na02+ M 
(M - N2) 

320-698 
571-1016 

1650-2400 

(1.9S0.4)xlO-30 (T/300)-1' 1±0'5(a) 
(l.ll±0.08)xl0-23 T r-^'^Xa) 
2xlO-28T-1(a> 

Silver, et al.* 
Husain, et al. 
Hynes, et al. 

» 

Na + 03 ♦ NaO + 02 293 
290 
500 

(3.01±0.4)xl0-10 

(7±2)xl0*10 

4(±4,-2)xl0-10 

Silver, Kolb" 
Ager, Howard5 

Husain, et al. 
■    _   \ 

Na + N20 ♦ NaO + N2 295 
290 

349-917 

(7.7±0.9)xl0*13 

(8.2±1.5)xl0-13 

(1.9±0.3)xl0-10 

exp (-12.5±0.6 kJ/mole/RT) 

Silver, Re-lb1* 
Ager, Howard5 

Husain, Marshall 
i 

Na + Cl2 + NaCl + Cl 294 
284-305 

(6.7±0.9)xl0-10 

(1.08±0.2)xl0"9 
Silver8 

Talcott, et al.9 

Na + H202 + NaOH + OH 308 4.1xl0~11 Silver, et al.10 • 

♦ NaO + H20 308 2.8x10"U Silver, et al.10 

NaO + 03    ♦ Na024O2 293 
290 

-1.5xl0-10 

l.8xl0-10 
Silver, Kolb1* 
Ager, Howard5 

■ 

* Na + 202 293 
290 

-5x10"U 

lxlO-10 
Silver, Kolb14 

Ager, Howard5 
■ 

NaO •> H20 ♦ NaOH + OH 290 (2±l)xl0-10 Ager, Howard5 

NaO + HC1 + NaCl + OH 308 2.8x10"l0 Silver, et al.10 

NaO ■}• H * Na ♦ OH 308 >4xl0"12 Silver, et al.10 

Na02 + HC1 ♦ NaCl + H02 295 (2.3±04)xl0-10 Silver, Kolb4 
: 

NaOH + HC1 ♦ NaCl + H20 295 (2.8±0.9)xl0-10 Silver, et al.10 

NaOH + H ♦ Na ♦ H20 295 >4xlQ-12 Silver, et al.10 

NaCl * H ♦ Na + HC1 308 SxlO-«1^1) Silver, et al.10 
.., 

NaCl + hv ♦ Na + Cl 300 o-^jj-lxlO"17«"2 at 235 no Silver, et al.11 

V 

(a)    rate constant In units of cm6    ->lecule"2 s"] 
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creating an additional source for chlorine catalyzed destruction of 

stratospheric ozone. 

The importance of sodium catalyzed chlorine release relative to that 

caused by the reaction of OH with HC1 remains to be determined. If only these 

gas phase processes are considered, this process might well increase the 

previously recognized chlorine release rate by as much as 30 percent. 

However, one must consider both homogeneous and heterogeneous loss processes 

for these atmospheric metal species. The most likely pathways for losses are 

condensation onto atmospheric dust, smoke, water droplets or other aerosols. 

No experimental data quantifying the magnitude of these effects exist, and 

simple estimates of the effectiveness of alkali loss range from no removal to 

total removal, depending on one's choice of parameters. Because of the 

potential importance on stratospheric ozone, we believe that In situ 

measurements of the stratospheric gas phase alkali content are required. 

Finally, we would like to point out that sodium comprises only a few 

percent of meteoric metals, and that the effects of the more abundant species 

on atmospheric chemistry should be investigated. This is especially true for 

iron and silicon. The former is expected to exhibit a fair bit of reactivity 

with atmospheric constituents. Although silicon oxides are fairly stable, 

their reactions with halogen compounds are only beginning to be understood and 

this area should be studied more thoroughly. 
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